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ABSTRACT
Bulk metallic glasses, though attractive for use in structural applications for their high strength
and elastic limit, display several unacceptable features upon deformation, including quasi-brittle
failure along shear bands, extremely limited tensile ductility, and propensity for fatigue under
cyclic loading. Though researchers have studied metallic glasses for the last fifty years, several
fundamental aspects of the mechanical deformation process in these materials have not been
conclusively established. In this thesis, new instrumentation and techniques were developed to
study the deformation mechanism of metallic glasses, enabling a focused, high-resolution
method for probing nanomechanical behavior. A nanoindenter capable of sub-nanometer and
sub-microNewton resolution was outfitted with a custom heating stage and installed in a
controlled atmosphere chamber to allow for high fidelity testing in a non-oxidizing environment
across a range of deformation regimes. Using this system, the process of shear band initiation
near a stress concentration was investigated using a low load indentation technique, revealing
that high stresses at a point directly beneath the contact are not sufficient to cause shear band
release to the free surface, but instead the potential for material flow along a slip line to relieve
stress must be considered. Additionally, the distribution of strengths associated with the yield
event was identified and its origins were determined to be mainly structural by using a variety of
specially designed loading functions to examine rate, stress, and dynamic loading dependencies.
Elevated temperature testing in the custom indentation system allowed in situ observation of the
transition from discrete accommodation of strain in shear bands to homogeneous flow as well as
characterization of the main features of viscous flow above the glass transition temperature.
With the development of these new high-resolution testing methods, new avenues of
experimental investigation have been opened, allowing insight into the fundamentals of plastic
flow in metallic glasses across a spectrum of conditions.
Thesis Supervisor: Christopher A. Schuh
Title: Danae and Vasilios Salapatas Associate Professor of Materials Science & Engineering
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1. Introduction
This chapter provides a general overview of the properties, structure, and deformation of
metallic glasses, a class of metal alloys distinguished by their amorphous structure. This
overview is followed by a summary of studies exploring the deformation of these materials using
recently developed techniques to study mechanical properties at or below the micron-scale.
After reviewing the literature, several open areas for research are highlighted and finally, the
structure of this thesis is laid out.
1.1 Metallic glasses- general properties and deformation
A basic understanding of glass formation can be gleaned from the time-temperature-
transformation (TTT) schematic in Figure 1; to become a glass, a melted alloy must be cooled
quickly from the liquidus temperature (Tliq) to bypass the crystallization nose and reach
temperatures below the glass transition temperature (Tg), freezing the glass in a disordered state.
Early theories for predicting suitable alloy compositions for metallic glass formation focused
mainly on atomic size differences and negative heats of mixing among the constituent elements,
which were thought to suppress crystallization by frustrating close-packing of the constituent
atoms; this strategy was thusly dubbed the "confusion principle" [1, 2]. These earliest
compositions required cooling rates as fast as 105-106 K/s [3], which could only be achieved in
geometries with at least one exceedingly small dimension to enable rapid heat removal. In the
last decade, advances in the processing and understanding of metallic glasses and their
composites have increased the promise of using these materials in structural applications.
Researchers have gained a greater understanding of the thermodynamic and kinetic factors that
enable glass formation, and have leveraged this knowledge to produce metallic glasses with
slower critical cooling rates than could be achieved with earlier compositions. Additional study
has shown that the best glass forming compositions are those which both form difficult to
nucleate crystalline phases and have limited atomic mobility in the melt, complicating growth as
well [3, 4]. As a result of this processing research, the field has enjoyed access to increasingly
large sample sizes, leading to the moniker 'bulk metallic glasses' (BMGs), compared with the
microns-thick castings to which researchers were previously limited [5, 6].
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Figure 1 Schematic of a TTT curve for a glass forming composition
By rapidly cooling from the liquid through the supercooled liquid state to below the glass transition
temperature, crystallization can be bypassed and amorphous compounds can be formed.
The availability of many of these new compositions in bulk form has enabled
conventional mechanical tests to be performed, allowing for more widespread testing. In
general, it has been found that, as a class of materials, metallic glasses possess some exciting
mechanical properties including a high elastic limit, high yield strength, high hardness, and
reasonable fracture toughness [5-7]- properties which are especially attractive in structural
materials applications. However, limited tensile ductility and quasi-brittle mechanical failure
still limit the immediate use of these materials in most structural applications [7]. Consequently,
there is a growing interest in the plasticity of metallic glasses evident in the literature [8-16].
Many studies have aimed to increase the ductility or toughness of metallic glasses [8, 9, 11, 16].
For example, Lewandowski et al. [12] and others [10, 15] have shown how subtle changes in
chemical composition or structure can affect the elastic properties of a glass, which in turn
appear to correlate with toughness. Another common feature of metallic glasses is that when
they are tested in uniaxial tension or compression, the shear angle is seen to deviate by several
degrees from the plane of maximum shear stress, indicating a pressure or normal stress
dependent yield criterion [17-19]. The uniaxial shear angle results are consistent with the
tension-compression asymmetry [13, 20, 21] in measured yield stress values, with values in
compression being -20% higher, and are also reflected in more complex multiaxial stress states
[15, 22-24].
An additional complication to working with metallic glass is their varied response under
exposure to cyclic loading; fatigue damage can occur in some metallic glasses even at stresses as
low as 10% of the yield stress [25], limiting their use in structural applications which invariably
experience fluctuating loads. It has become apparent that fracture and fatigue studies on metallic
glasses are also quite sensitive to testing geometry, loading state, and casting quality [25-31].
Furthermore, analysis of experimental fatigue results can be complicated by crack tip branching
or crack initiation at a distance from the notch [27, 28, 32].
Many of the unique mechanical properties of metallic glasses can be ascribed to their
structure. Though the bonding in these materials is metallic, the structure is amorphous; but it is
not completely without order. Concurrent with the increasing availability of quality materials
was the development of advanced spectroscopy techniques and simulations that have furthered
an understanding of the complex structure of metallic glasses. For many years, it has been
known that the packing density of metallic glasses was closer to that of a close-packed crystal
than that of a random array of hard spheres, yet these glasses show no discernible long range
order [33]. EXAFS (Extended X-ray Absorption Fine Structure) spectroscopy has provided
some evidence that significant short and medium range order exist that are both topological and
chemical in nature [19, 34]. Simulations involving cluster packing schemes [33] and reverse
Monte Carlo algorithms [35] have suggested potential atomic structures that can reproduce the
order seen experimentally. Additionally, positron annihilation studies have demonstrated that a
spectrum of packing defects, often referred to as free volume sites, exist within in the glasses
[36, 37], which are thought to be substantially involved in the deformation process [38, 39].
In the absence of long range crystalline order, a mechanism other than dislocations must
be responsible for deformation in metallic glasses. Instead of dislocations, the microscopic
carriers of plasticity in metallic glasses are shear transformation zones (STZs), which are small
clusters of atoms that deform via a cooperative shuffle under an applied shear stress and
redistribute the local free volume in the process [40]. The process of STZ activation is thought
to include several to -100 atoms, with a corresponding energy of 20-120 k-Tg, where k is
Boltzmann's constant [41]. An alternative description of the flow defects in metallic glasses has
been put forth [39], which is based on diffusive jumps mediated by local excess free volume.
This description, because of its introduction of an easily understood state variable, has made it
particularly amenable to modeling of structural relaxation and deformation processes [42-45].
In Figure 2, the range of macroscopic deformation behavior exhibited by metallic glasses
is summarized. At high temperatures and low stresses, deformation is predominantly diffuse,
with profuse STZ activation occurring in all parts of the material [40]. Under these conditions,
viscous flow dominates and plastic strains in excess of 1000% can be achieved [46, 47] (cf.
lower left of Figure 2). The homogeneous deformation behavior in this regime makes it
particularly well-suited to continuum-level modeling. Constitutive models have been developed
to accurately capture rate-dependent behavior such as the stress overshoot observed in
compression experiments [43, 48]. Deformation in the high temperature regime is particularly
relevant to forming processes such as blow molding, forming from pelletized feedstocks, and hot
embossing [49-52]. As metallic glasses are far from their equilibrium state and the driving force
towards equilibrium is high, the window for elevated temperature deformation between Tg and
Tx, the crystallization temperature, is quite small: from just a few to a few dozen degrees [3]. In
this range, termed the supercooled liquid regime, the plastic flow of the material is quite strain-
rate dependent. At low stresses, a state of Newtonian flow, where strain rate is proportional to
the applied stress, can be achieved [46, 53, 54]. Deviations from Newtonian flow occur at higher
stresses [41, 46, 53, 54], where shear-induced crystallization is presumed to be involved [47, 53].
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Figure 2 Deformation map and flow characteristics of metallic glasses
On the left, a generalized deformation map for metallic glasses shows the major flow regimes, with stress
normalized by the shear modulus, p. (adapted from Ref. [41]). On the right, examples of shear banding [55]
and extreme elongation [46] are typical behavior in the inhomogeneous and homogeneous flow regimes,
respectively.
-- ::i:::::::::::::;:: : : : :::~: : :;:~
At low temperatures and high stresses, STZ activity localizes, with all the strain
partitioning into thin bands of material known as shear bands [40], which are responsible for the
shear offsets in the bending specimen in the upper left of Figure 2. Conventional mechanical
testing has already revealed much about the shear banding process in the inhomogeneous
deformation regime. During a tensile test under these conditions, the deformation often localizes
into a single shear band, resulting in catastrophic failure. Constrained loading experiments, such
as compression of low aspect ratio samples and bending of thin strips, show a sample size-
dependence in the shear banding behavior; the spacing between shear bands scales with sample
dimension because shear bands operate to exactly accommodate the applied strain [55-57].
Further loading causes new shear bands to form and can also trigger additional shearing on
previously generated bands [41, 58]. Failure occurs when no further strain can be
accommodated in shear bands and fracture initiates from slip steps on the surface due to repeated
shearing on a single band [41].
Further testing has shown that the material contained in shear bands is slightly different
from the surrounding glass material. Shear bands are susceptible to chemical etching, which
may be due to the local disruption of the chemical or topological order during the shearing event,
as seen in simulations [59, 60]. Using high resolution TEM, Li et al. showed that the shear band
contains regions of higher free volume [61], which is consistent with the flow dilation predicted
in the prevailing deformation theories [39, 62]. However, nanocrystallization has also been
reported in shear bands, where it is more commonly observed in compressive loading [63].
Though some significant progress has been made in recent years using the techniques
described above, the process of shear band formation in metallic glasses remains somewhat
speculative [41]. Several fundamental aspects of shear banding are still under intense debate.
For example, the temperature rise associated with heat evolution during shear banding has
received considerable attention, with some studies proposing an increase of just a few degrees
and others concluding that temperatures sufficiently high to cause melting are achieved [64-69].
An underlying uncertainty that contributes to this confusion is that the actual geometry/thickness
of a shear band remains unknown, due to the difficulty of resolving features in amorphous
materials with conventional microscopy techniques [61, 63, 70]. Claims of shear band
thicknesses ranging from 10 nm to nearly micron-scale exist in the literature [59, 61, 70, 71].
Also under debate are the issues of shear band arrest and the possibility of "work hardening" in
metallic glasses at obstacles such as particles, voids, or shear bands from prior deformation [8,
56, 72]. Even the basic sequence of events by which a bona fide shear band evolves from an
initial collection of local shear transformation zones remains essentially speculative [40, 60, 62,
73-77].
The discrete accommodation of deformation in shear bands complicates our
understanding of the deformation process, and the conditions to initiate, sustain, and arrest flow
on a shear band remain unclear. Other groups have studied plasticity around crack tips [32, 78-
82] or surface contacts [83-86], giving important insights into shear band formation under
complex stress states, but this information has been largely qualitative. The introduction of
metallic glass composites containing second phases [8, 9, 11, 78, 87] raises further fundamental
questions as to how such reinforcements can interfere with shear bands and affect fracture
toughness and ductility [8, 11, 87, 88]. Additionally, the structural features and mechanisms that
control the fatigue behavior of metallic glasses are still not entirely understood. In particular, the
fatigue mechanism in metallic glasses is unclear; although it is surmised that shear
transformation zones (STZs) have a role in the process, the ability of metallic glasses to undergo
stable crack extension in the absence of a known strengthening mechanism remains to be
satisfactorily explained. Before metallic glasses are seriously considered for use in load bearing
applications, their yield and fracture behavior must be better understood.
1.2 Summary of previous nanoindentation studies on metallic glasses
Compression and bending tests can be used to promote shear banding; however, since the
material often shears in many places at once, it can be difficult to study individual shear banding
events. Nanoindentation, a technique that applies low loads to impress a diamond tip into a test
material while dynamically recording load and displacement with high resolution throughout the
test, provides a way to stably promote shear bands in a very local region. The technique's
sensitivity is so great that individual shear banding events are evident as displacement jumps
called pop-ins in the loading curve in the case of load-controlled tests, like the one shown in
Figure 3.
Through in situ SEM work [89], it has been shown that pop-ins like those seen in Figure
3 occur when shear bands are released to the surface to accommodate shear offsets during
nanoindentation. Some researchers have conducted limited examinations of the very first pop-in
event in load-depth curves, which occur as the first deviation from elastic behavior [90-93].
Though the first pop-in event has not yet been characterized in detail, efforts so far have
indicated the presence of stresses greater than the yield stress of the materials prior to the
yielding event [90, 91, 93].
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Figure 3 Example nanoindentation curve and image of resulting impression
(a.) load-depth curve from testing on a Pd-based BMG with a Berkovich indenter tip at a loading rate of 1.5
mN/s with arrows denoting pop-in events in the loading curve. A contact imaging scan of the resulting
impression is shown in (b.), where stepped protrusions around the triangular indent are the result of shear
banding.
Variation of the pop-in behavior is observed to be sensitive to the specific material,
including glass composition and free volume content [94-96], as well as testing parameters such
as tip shape and applied loading rate [96, 97]. The strength of the serrated behavior generally
changes with composition, with glasses possessing a high Tg generally exhibiting stronger
serrations at room temperature than glasses with lower Tg, since they are correspondingly further
from their transition to homogeneous flow [96]. For glasses of the same composition but
processed under different conditions, a decrease in the degree of serration can be observed for
samples containing lower amounts of free volume [94]. A similar result has been obtained by
structural relaxation of annealed samples [95]. It has also been noted that the size of the pop-ins
scale with the depth of indentation according to the strain being accommodated [98-100]. As
such, indenting with a cube comer tip produces correspondingly larger pop-in events than with a
I
Berkovich tip, owing to the higher stress and lower included angle of the former [97, 99, 101].
Furthermore, if the material is forced to shear at shear strain rates in excess of 10-' s-', flow
serration in the curves is decreased [96, 98, 102], but many shear bands are still apparent around
the residual impression [103]. This observation is thought to indicate that loss of serration is due
to the operation of many shear bands at every instant [96, 100].
In other studies, researchers have shown that the degree of flow serration is significantly
decreased in metallic glasses when they are indented at high homologous temperatures (T/Tg),
which compares well to decreased observation of shear bands in macroscopic tests in the
transition to homogeneous flow [96, 104] Additionally, evidence of creep can be observed
during unloading or constant load holds as continued depth penetration despite reduction or no
further application of load when metallic glasses are indented at high homologous temperatures
[105-108].
In addition to its conventional use for quickly determining the hardness and modulus of
metallic glass samples, nanoindentation techniques have also been applied to catalog changes in
the mechanical properties of metallic glasses under various conditions. In one particular study,
the hardness of an Au-based BMG was seen to drop off radically and become rate sensitive as
the glass transition temperature was approached using a specialized high temperature stage
[104]. Using a feature of a typical nanoindentation system, researchers have taken advantage of
the precise positioning capabilities to study material cross-sections; the local effects of prior
plastic deformation have been examined on a shot-peened surface [109] and the region
underneath the impression of a larger spherical indentation [110], in both cases noting a
softening in the highly deformed regions.
Most recently, a pillar microcompression technique has become available whereby a
flattened nanoindenter tip is used to compress a small column of material patterned by Focused
Ion Beam (FIB) milling. Compression of metallic glass micropillars allows uniaxial testing to be
performed with resolution high enough to detect individual shear banding effects [111-113],
which offers the advantage of reduced strain gradients as compared to a typical nanoindentation.
Particularly, the possibility of sample size-dependent behavior, as is seen in crystalline metals
[114-117], is under intense scrutiny [111-113, 118-121], though no consensus has yet been
reached on whether increases in strength and a reduction in the appearance distinct shear bands
observed in some studies are important material behavior or unfortunate testing artifacts. The
technique suffers from extreme sensitivity to alignment of the sample face with the flat tip and
column taper, which is a problem endemic to the FIB milling procedure [122].
1.3 Open areas of research in nanoindentation of metallic glass
Clearly, the issues of metallic glass structure, properties, and deformation mechanics are
interesting not only for the scientific purpose of gaining a better understanding of structure-
property relationships, but also for the engineering goal of their eventual incorporation into the
set of structural materials. It has been demonstrated that nanoindentation techniques provide a
high resolution method for understanding the properties and deformation mechanics of metallic
glasses to further the scientific and engineering goals of the field. But despite the popularity of
applying the technique to metallic glasses, few experimental studies have resulted in any
quantitative information regarding the shear banding process and much remains to be explained.
One fundamental issue that has not been investigated in detail is the process of shear
band initiation in a complex multiaxial stress field such as is found around an indentation site.
This problem is of central concern for structural applications where failure of a component
originates from a stress concentration, not only at surface contacts, but around other stress
concentrators such as cracks or inclusions as well. The precise sequence of events leading to
shear band activity near a stress concentration, which can rapidly lead to catastrophic failure, has
not yet been revealed through experimentation. Additionally, the material properties and
experimental conditions controlling shear band activation have not been characterized, so it
remains unclear whether components can be designed to mediate concerns of early failure due to
stress concentration.
Nanoindentation is particularly well-suited to introduce a local stress state and measure
the response with high accuracy. Low load spherical nanoindentation techniques have been
successfully used in crystalline materials to detect sub-nanometer perturbations associated with
"incipient plasticity" phenomena such as dislocation nucleation [123-127]. Additionally, these
nanoindentation tests provide an excellent comparison with atomistic simulations because of
their similar length scales [128]. However, an adaptation of "incipient plasticity"
nanoindentation techniques to study the initial shear band formation event in metallic glasses,
including both experimental procedures and analysis techniques, has yet to be presented.
In addition to providing a unique way to study the shear banding process around a stress
concentration without interference from prior sample deformation, pre-existing shear bands, or
competing cracking mechanisms, nanoindentation is a highly flexible technique that allows study
of dynamic, as well as quasi-static, processes. One particular concern for the integration of
metallic glasses is their response to cyclic loading; conventional fatigue testing procedures have
made some progress in mapping out fatigue behavior variation with different atmospheric
conditions [29, 129-131], temperatures [132], and degrees of structural relaxation [133, 134], but
the resolution of these tests is not sufficient to pinpoint the exact evolution of structural damage
ahead of the crack tip. The sensitivity and flexibility of nanoindentation could be leveraged to
bring some understanding to these issues as well. Again, however, nanoindentation methods for
studying cyclic loading of metallic glasses in the elastic range have not yet been developed or
used to address these fundamental issues.
Finally, high temperature investigation of metallic glasses using nanoindentation has
been substantially limited because the field of high temperature nanoindentation is in relative
infancy itself. Were this technique to undergo improvements in practice and in instrumentation,
the transition to the homogeneous deformation regime could be studied at high resolution on
small scales and with little material, as compared with more conventional high temperature
isothermal creep experiments. Additionally, more information regarding the viscous flow
behavior on the nanoscale is required for modeling of microforming processes, such as hot
embossing for the production of MEMs components. In particular, with a sufficiently small
nanoindentation probe and sufficiently high temperatures, the effects of surface tension on
plastic flow and viscous recovery processes could be studied. This is yet a third area in which
the field has not yet developed the requisite nanomechanical tools to access this fundamental
information about glass deformation.
1.4 Layout of this thesis
This thesis addresses the open issues in metallic glass research outlined in Section 1.3
using nanoindentation as a tool. As that section revealed, there are many questions that can be
uniquely addressed with new nanoindentation techniques, including (i) a procedure to study
"incipient plasticity"- the formation of the first shear band, (ii) a method of exploring cyclic
loading in the elastic range, with application to fatigue damage, and (iii) a high temperature
method that permits testing at a scale and temperature where deformation is coupled with surface
tension-driven relaxation. However, in each of these cases the limitation is experimental; new
instrumentation and techniques must first be developed to address these issues.
The goal of this thesis is to develop such instruments and methods, and then to present
the first systematic experimental studies on the three topics outlined above. First, a
nanoindentation system capable of providing high resolution at testing temperatures up to and
above the glass transition temperature is needed, along with new methods of testing and analysis.
By exploiting the high resolution sensing and flexibility of nanoindentation, the experiments and
analysis presented here expose the nanoscale flow behavior of metallic glasses, providing
insights into some of the fundamental enigmas in metallic glass deformation.
Chapter 2 details the development of a nanoindentation system with enhanced
temperature capabilities and the ability to test in a non-oxidizing environment. These
enhancements are necessary for achieving high fidelity data on the nanoscale on oxidizing
materials, including metallic glasses. The field of high temperature nanoindentation is briefly
reviewed, the design of the system is presented, and a series of tests on standard samples
demonstrate the system's performance.
Chapter 3 applies this instrumentation first at ambient temperature, to explore the
initiation of shear bands near a stress concentration. A low-load spherical nanoindentation
technique is used to introduce a well-defined stress concentration, leading to the controlled
propagation of the first shear band event from underneath the indenter. Using data from several
glass compositions, the stress state immediately prior to the shear band event is examined and
interpreted to understand the yielding event.
In Chapter 4, the distribution of strengths acquired by the same low load testing
technique described in Ch. 3 is examined. After a series of room temperature studies, including
variation of loading rate, sustained holding at elevated stresses, and cyclic loading, the
distribution of nanoscale strength is attributed to structural origins. Particular emphasis is placed
on the role of cyclic loading in inducing structural changes, and a connection to fatigue damage
of metallic glasses is made.
In Chapter 5, the high temperature capabilities of the nanoindentation system developed
in Ch. 2 are applied to study the deformation behavior of a metallic glass through the glass
transition temperature. Loss of flow serration, emergence of creep behavior, and viscous
recovery are observed as temperatures are increased, demonstrating the utility of high
temperature nanoindentation for studying plastic flow in metallic glasses in both the
inhomogeneous and homogeneous deformation regimes. Finally, Chapter 6 summarizes the
contributions and implications of this thesis in relation to the larger field of metallic glass
research and presents several avenues for future research motivated by this work.
2. Development of high temperature nanoindentation capability
The present chapter serves to document the development of a custom high temperature
nanoindentation system that is used in all of the subsequent experimentation in this thesis on
metallic glasses. However, the engineering work in this chapter also stands on its own as a
contribution to further the state of the art in the nanoindentation community, especially as
regards nanoindentation at elevated temperatures. For this reason, the chapter begins with a
review of the field of high temperature nanoindentation, summarizing technological advances
and instrumentation. The specific design features of the custom system developed here are
discussed in Section 2.2, followed by a presentation of the system performance in Section 2.3.
2.1 Review of the field
2.1.1 Technique evolution
Since the inception of conventional hardness testing and through the subsequent
development of more sophisticated instrumented indentation equipment, researchers have always
adapted the available testing techniques and equipment to incorporate high temperature
capabilities. For example, "hot hardness" tests on the macro- and micro-scale have been
performed since the 1960s [135-140]. Later, in the 1990s, when instrumented indentation on the
micro- and nanoscale became widely used and accepted, high temperature micro- and
nanoindentation experiments became more regular, driven by both the scientific and industrial
communities eager to mechanically test at the decreasing scales of new technologies, at relevant
processing and service temperatures [96, 124, 125, 141-164].
A broad survey of the early high temperature micro- and nanoindentation studies (after
Ref. [141]) reveals a trade-off between resolution and temperature (Figure 4). Tests above
500'C have typically been limited to large scales [143, 145, 157-159, 161], while nanoscale tests
have been restricted to relatively low temperatures--in many cases, the maximum testing
temperature has not exceeded 2000 C [96, 124, 125, 142, 148-150, 153, 155, 156, 160, 162, 164].
In the following sections, current limitations in achieving high resolution at the finest scales,
including thermal drift and sample oxidation, are discussed. These topics frame the major
concerns of the field today, which continues to expand the working range to include high
resolution testing at temperatures up to and above 5000 C.
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Figure 4 Resolution and temperature trends in nanoindentation.
An interplay between temperature and indentation scale is revealed through several micro- and
nanoindentation studies [96, 124, 125, 141-164] (reviewed in Ref. [141]). The points define a region of
temperature and scale (shaded), which are accessible using current techniques and instrumentation.
2.1.2 Instrumentation
As the field of high temperature nanoindentation is relatively new, custom instruments
abound [124, 141, 142, 157], though several commercial instruments are also available from
Hysitron (Minneapolis, MN, USA), MTS Systems (Eden Prairie, MN, USA), Micro Materials
(Wrexham, UK), and Fischer-Cripps Laboratories (Sydney, AU). Whether custom or
commercial, most instruments are essentially standard room-temperature instrumented
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nanoindentation systems, augmented with appropriate heating elements as well as shielding and
cooling systems for temperature-sensitive components such as force and displacement
transducers and sensors.
Specific heating methods across the various available instruments range from localized
sample stage heating [124, 143, 144, 148, 150-154, 156, 157, 160, 163, 164] to heating of the
entire instrument chamber [149, 161]. Regardless of the specific heating arrangements,
temperature is generally maintained to within 0.1C [141, 148, 156, 160, 163]. Thermal
isolation of the sensitive measurement components is generally achieved by placing them at a
distance from the heat source and heated components [143, 144, 154, 156, 163, 164], using an
actively cooled shield [96, 125, 141, 150, 153, 155], or some combination of these methods.
Figure 5 illustrates the high temperature nanoindentation arrangement that will be the
main focus of the present work. This apparatus incorporates a heated sample stage and a
circulating cooling shield. The sample is fixed to the heated stage and a thermocouple is
attached to the sample surface to monitor temperature. In this particular case, the loading axis is
oriented vertically with the electronics located relatively close to the heated sample stage. This
compact arrangement necessitates the presence of a cooling shield to thermally isolate the
transducer, which is the key element in the measurement of loads and displacements. To reduce
thermal conduction to the electronics, the indentation tip is attached to a low thermal
conductivity shaft, which passes through a hole in the cooling shield. The shield is actively
cooled by circulating fluid, and coated with a reflective material to reduce heating by thermal
radiation. Finally, cooling coils are passed under the heating stage as well to ensure that the
surrounding apparatus (including motorized positioning stages) remains cool.
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transducer shield
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Figure 5 Heating and cooling arrangement in a high temperature nanoindentation system.
This system has a vertically orientated loading axis where the tip passes through a cooling shield to contact
the sample. The cooling fluid also passes through the stage to isolate the motors in the stage.
The system shown in Figure 5 is illustrative of how adequate heating and isolation can be
achieved in a nanoindenter, but of course the specific designs of components used for heating
and cooling purposes vary based on the model. Some notable differences seen in other systems
include, e.g., a horizontal arrangement that ensures convection currents in the atmosphere are
directed away from the electronics [143, 144, 154, 156, 163, 164], a separate secondary heating
system for the tip [143, 144, 151, 152, 156], or the addition of an extension shaft made of low
thermal expansion material [151, 152].
2.1.3 Experimental challenges
Sensitive issues that affect the results from room temperature nanoindentation-area
function, load frame compliance, thermal drift, sample surface condition-are further
complicated by testing at high temperatures. Specifically, there are issues with accurate
measurement and calibration as well as sample surface integrity.
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The largest obstacle to clean high temperature nanoindentation measurements is thermal
drift, which results from expansion or contraction of any part of the loading column or the frame
during a test. Because the typical nanoindentation apparatus is tens of centimeters in height,
with an average thermal expansion coefficient of perhaps 10-5 K1 , even a small thermal
fluctuation far less than one degree can cause a measurable displacement of hundreds of
nanometers. Given that the typical indentation depth in such tests is of submicron scale, if
thermal drift is not carefully controlled such displacement errors can cause significant
inaccuracies in mechanical property extraction.
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Figure 6 Thermal drift during nanoindentation of fused silica
Load-displacement curves for nanoindentation in fused silica at 230C and 300*C. During the unloading stage
of both tests, the load was held constant at 20% of the peak load (1.9 mN) for ten seconds. Essentially no
displacement was accumulated during this hold period for the indent performed at 230C, indicating negligible
drift. However, a displacement of -10 nm was observed in the curve recorded at 3000C, as indicated by the
arrow.
A common procedure to characterize thermal drift involves the use of constant load
segments at 20% or less of the maximum testing load, using a material which is known to be
non-creeping under this reduced load at the testing temperature. Any displacements recorded
under this condition may be ascribed to thermal expansion- or contraction-related drift. In
Figure 6, an example of a drift-affected nanoindentation curve recorded in fused silica at 3000C
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is shown, where the machine senses a displacement of roughly -10 nm during a ten second hold
at 20% of the peak load. A similar test at room temperature reveals negligible drift.
When an indenter tip is brought into contact with a heated surface, a large contribution to
thermal drift is the expansion and contraction of the tip assembly (e.g. tip and shaft). Various
methods to equilibrate the tip assembly have been employed, including waiting prolonged times
at elevated temperature prior to indentation [124, 152, 154, 160, 163, 164], maintaining contact
between the indenter tip and sample surface during a long series of tests [96, 125, 141, 143, 155],
and independently heating the indenter tip [143, 144, 151, 152, 156]. If thermal drift is
monitored as a function of time beginning from the moment that the stage stabilizes at the target
test temperature, it is found that a characteristic steady-state behavior is usually eventually
established after a transient equilibration period. Figure 7 shows a series of measurements of
thermal drift as a function of time for temperatures up to 4000 C in fused silica, using a Hysitron
TriboIndenter system with a custom heating stage [141]. At room temperature, the drift is small
(-0.1 nm s -1) and constant, as the stage and all the components of the loading column were
already in thermal equilibrium at room temperature prior to testing. The initial transient thermal
drift increases with temperature, but a characteristic steady-state behavior is achieved at all
temperatures after about 45 minutes. Although the drift at later times is on average similar to
that at room temperature, the standard deviation of the measurements increases with temperature.
Therefore, caution should be used when subtracting the drift (as is typically done for room
temperature testing) from data collected at elevated temperatures to ensure that the drift rate
measured during a small time segment is representative of the drift rate for the entire test.
Additionally, as of the time of this writing, a procedure for determining thermal drift in soft
and/or creeping materials, which can deform continuously at quite low loads, has not been
established.
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Figure 7 Drift as a function of time during nanoindentation testing of fused silica.
At all temperatures up to 4000 C, drift reaches a steady state of -0.1 nm s-1 after -45 minutes (after Ref. [141]).
A second issue related to thermal expansion pertains to geometric changes of the
diamond indenter tip shape; these could potentially lead to minor errors in the tip area function,
which is used to extract property data from load-displacement curves. For generally self-similar
or "sharp" tip geometries with minor blunting, it is sufficient to use an area function calibrated at
room temperature, as the change in tip area associated with thermal expansion of the diamond
geometry is less than 0.04% (Figure 8, after Ref. [141]). Typical properties (e.g. hardness,
reduced elastic modulus) can therefore be accurately extracted from high temperature data using
standard Oliver-Pharr methods or their derivatives [101, 165, 166]. Additionally, the Young's
modulus can be extracted from the reduced elastic modulus given a known value for the
Poisson's ratio of the sample, but it is important to account for the temperature dependence of
the elastic properties of the diamond tip [167] when testing at elevated temperature [141].
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Figure 8 Geometric changes to the area function at high temperatures
Percentage change in the projected area as a function of contact depth, for a sharp pyramidal (Berkovich)
indenter with spherical blunting at the tip, of radius R. The curves are plotted for a given temperature
change of 4000C from room temperature (after Ref. [141]).
Another challenge associated with testing at elevated temperatures in general, but one
that is a larger concern for testing at nano-scales, is oxidation of the sample surface. Thus far,
high temperature nanoindentation on the finest scales has been limited mainly to noble metals
which do not appreciably oxidize in air; alternatively, indentations far deeper than the expected
oxide scale thickness are occasionally used. Oxidation rates are usually especially elevated
above 3000 C, so much so that even deeper nanoindentations may be significantly impacted by
the presence of an oxide surface layer. As efforts are made to expand to higher temperatures and
more exotic materials, the addition of atmospheric control either through vacuum or purging with
inert or reducing gases should be the key consideration for design of new high temperature
nanoindentation systems. Specific atmospheric requirements will be dictated by oxidation rates,
keeping the maximum indentation depth much deeper than any surface oxidation.
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2.2 Design of a custom system
With the goal of achieving high resolution nanoindentation data at temperatures up to
500'C in non-oxidizing environments, a custom system was designed based on the commercially
available Ubil platform (Hysitron, Inc., Minneapolis, MN). For the purposes of this thesis, this
instrument is perhaps the best choice among the commercially available indenters, for the
following reasons:
-- It is capable of applying extremely small loads and resolving sub-nanometer deformations,
which is necessary for studying incipient plasticity.
--The software allows complete customization of loading functions, which is needed for
cyclic loading tests.
--In situ imaging can be performed using the indenter tip as a contact scanning probe to
reveal the topology of residual impressions.
--The instrument has a small profile, which makes its encapsulation in a sealed chamber
more economical and efficient.
The major components of the system and their arrangement are shown schematically in
Figure 9. A sealed environmental chamber enclosed the system, allowing for atmospheric
control via the use of a vacuum pump and inert gas manifold to prevent oxidation and in some
cases, improved the thermal stability of the system. The combined use of a custom heating stage
and cooling system allowed for precise temperature control for heating the sample, while
maintaining a low thermal load on sensitive machine components, particularly the force
transducer. Specific design details of the systems for atmosphere and temperature control are
discussed in detail in the next two sub-sections.
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Figure 9 Major components of the custom high temperature nanoindentation system
An environmental chamber surrounds a commercial nanoindenter outfitted with a custom heating stage and
integrated cooling system for high temperature experiments in a non-oxidizing environment.
2.2.1 Atmospheric control
A review of commercially available options for nanoindentation in dry or inert
atmospheres revealed two approaches: a local atmospheric containment whereby a ring
surrounds the heating stage and a dense inert gas is flowed over the sample to settle in the ring
(Hysitron, Inc., Minneapolis, MN) to prevent icing during sub-ambient testing or a global
atmospheric exchange whereby the entire instrument enclosure is flooded with an inert gas
(MicroMaterials, Wrexham, UK). Both approaches present issues of atmospheric impurity
because they are not sealed systems; if the local approach was attempted for elevated
temperature testing, convective transport of heated gas away from the sample surface would
dilute the inert gas with laboratory air, while in the global approach, an unsealed cabinet is used.
These systems may provide adequate atmospheric control at relatively low temperatures or for
materials with low oxidation potentials; however, at temperatures >3000C, the oxidation rates for
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most engineering metals and other materials are accelerated owing to an increased rate of
diffusion and higher chemical activity.
To overcome the issues of other systems, the present custom system was designed to
enclose the Ubil instrument in a stainless steel vacuum chamber to allow for much more
stringent control of atmospheric conditions. The chamber was designed to accommodate the
entire instrument, including the vibration damping system, in order to reduce transmission of
noise from the vacuum pump to the instrument.
Figure 10 Photos of the high temperature nanoindentation chamber
Left: Chamber with door closed. Side view shows the assortment of gas and fluid feedthroughs. Center:
Open-door view of chamber with instrument installed. Right: Side and back views of chamber showing
feedthroughs to accommodate electronics.
Additionally, the custom design required a large number of sealed feedthroughs to accommodate
all of the signal transmission lines required for operation of the nanoindenter as well as a power
cable to the heater, cooling fluid lines, and multiple thermocouples for temperature monitoring.
Since some feedthroughs required a protrusion into the chamber, all of the ports were positioned
near the top of the chamber to minimize the chamber size to necessary to accommodate the
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instrument (which is largest at its base) and to allow for easier manipulation of samples on the
heating stage.
The chamber was designed for operation in various atmospheres-both inert gas at near
ambient pressure as well as in vacuum down to - 10-2 Torr. A low level of vacuum was chosen
for the system to balance improvements in purity and reduction of convection with the high cost
and enhanced difficulty of working with high vacuum equipment. Vacuum was achieved using a
large capacity two-stage rotary vane pump and pressure was monitored via two gauges, with the
lower ranges of vacuum being monitored using a Pirani convection gauge. For routine operation
in vacuum, the system was sealed and pumped down to a level of -10 -1' Torr before back-filling
to -400 Torr with argon, followed by a final pump down to base pressures in the 10-2 Torr range
prior to heating the sample for testing. For testing in inert gas atmospheres, after the initial pump
down, the chamber was filled to a pressure of 400 Torr with either ultra high purity argon or
helium prior to heating the sample.
2.2.2 Temperature control
As discussed in Section 2.1, strict control of the temperature of the sample, stage, and
indenter components was necessary to achieve low thermal drift and avoid damage to machine
components. During sample heating and elevated temperature testing, the temperatures of the
sample and transducer were carefully monitored using thermocouples to ensure good thermal
stability. Heating of the sample and thermal sequestration were achieved through a custom
heating stage with integrated cooling.
The heater was designed with a small profile to enable concentrated heating of the sample
without unnecessarily heating other components of the system. The importance of maintaining
surrounding equipment at ambient temperatures is twofold: it is required for some sensitive
components, specifically the transducer and motorized stages, and it reduces the potential for
uncontrolled thermal drift due to expansion and contraction of various elements in the load
frame. The custom stage consisted of a mechanically-stiff clamped heating ensemble with
integrated cooling that attached directly to the motorized translation stages. A schematic of the
custom stage is shown in Figure 11.
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Figure 11 Schematic of custom heating stage.
A steel ring clamps a small copper heater cartridge between ceramic spacers which limit thermal conduction
between the heater and the rest of the stage. A sample is mechanically clamped to the top of the heater.
Several aspects of the system were designed specifically for maintaining cool
temperatures away from the heated sample by active cooling and by limiting heating through
conduction and radiation. A heat shield with circulation lines for cooling fluid was provided by
Hysitron, Inc. (Minneapolis, MN) to actively cool the transducer, which is a particular
requirement of this brand of instrument where there is limited distance between the sample and
sensitive electronics (see Figure 5). The heat shield contained a small hole, through which the
indenter tip passed to contact the sample surface. The diamond tip itself was mounted on an
extended length shaft, to reduce heat transfer to the transducer. Several specialty tips were
evaluated for their effectiveness at reducing thermal drift during testing, including a low thermal
expansion material tip and a super-extended length design. Additionally, the heat shield had a
II I I II
highly reflective coating which minimized heating through thermal radiation. The cooling
system consisted of a temperature-controlled recirculating chiller which passed fluid through the
heat shield and stage baseplate, maintaining all surrounding nanoindenter components at
acceptably low temperatures.
In order to minimize the power required to heat the sample (and in doing so reduce the
power dissipated in heating other stage and machine components), the heater cartridge was
designed to have a small profile and was situated so as to minimize paths for heat conduction to
the stage. Resistive heating wire was embedded in a copper cartridge to exploit copper's high
thermal conductivity for fast and uniform heating across the sample platform. Samples were
affixed to the heated platform either by direct mechanical clamping or by using a thermally-
conductive cement. The heater cartridge was separated from sitting directly on the cooling stage
by three small ceramic balls arranged in a symmetric tripod configuration, rather than a solid
ceramic layer, to minimize paths for cooling through thermal conduction. A ceramic spacer ring
reduced heat transfer between the heater cartridge and a steel ring that was used to clamp the
entire assembly to the baseplate.
2.3 System performance
Before using the custom apparatus described in Section 2.2 for testing on research
materials, it had to be demonstrated that the customization did not compromise operation of the
nanoindenter or its ability to produce consistent, accurate measurements of materials properties
and mechanical behavior. The following section describes the procedure for operation of the
apparatus, provides a detailed evaluation of thermal drift under several configurations and
atmospheres, and characterizes the performance of the instrument at temperatures up to 500'C.
2.3.1 Best practices for operation
In addition to developing the physical system for high temperature nanoindentation in
inert environments, a set of best practices was developed for achieving consistent, high quality
results. A general procedure for operation in all environments is first described, followed by
specific modifications that are necessary for operation under vacuum.
After a suitable atmosphere had been achieved for the test at hand, temperature was
gradually increased (at a rate of not more than -150'C per hour) to prevent thermal shock of
ceramic stage components. During the heating process, a rough sample approach was
performed, leaving a gap of approximately 0.5-1 mm between the tip and sample surface. This
rough approach brought the transducer heat shield close to the sample surface to accelerate
sample heating and temperature equilibration by reflecting emitted radiation back onto the
sample surface. Once the temperatures of the transducer and sample had stabilized to within less
than one degree of change over the course of several minutes, a final approach to the sample
surface was executed using the "quick approach" function provided in the Triboscan software
package (Hysitron, Inc., Minneapolis, MN). This enabled a controlled descent of the tip
whereby a feedback loop ensured a soft landing on the sample to identify the surface height for
all future tests.
After the surface height was determined, the piezoelectric scanner rastered the tip over
the sample surface using the Triboscan's "imaging" feature and the extension of the
piezoscanner was monitored to ensure that thermal expansion of the system did not force the
scanner out of its vertical range of -3 gm. After contact with the surface was established, large
stage translations and retraction of the tip from the surface were avoided, as they disturbed the
thermal equilibration of the system. Repeated testing showed that using this procedure on this
system resulted in a steady state condition of minimal thermal drift after a short period of time
(discussed further in the next section). Once steady state was achieved, the prescribed tests were
performed in succession. Following completion of tests, the sample could be cooled at a rate of
-80'C per hour to room temperature before exposing the chamber to laboratory air, or additional
testing could be performed at a higher temperature. If further testing at a higher temperature was
desired in a single session, the tip was removed from the surface and the sample safety height
was redefined to allow for additional thermal expansion of the sample and heater cartridge.
For operation in vacuum, the above procedure was performed, but a few additional steps
were needed to overcome some sensitivities of the nanoindenter itself. The transducer consisted
of a three plate capacitor with a floating middle plate for the application of force and
measurement of depth. Under normal conditions in air, impulses caused by a sudden application
of voltage to the capacitor plates were immediately damped; however, in vacuum, the middle
plate sometimes began to freely oscillate in the absence of gas molecules which provided a
damping force. These oscillations often became large enough to register sudden forces above the
safety level set in the software, resulting in repeated error notifications. Because step voltages
were applied by the software during startup of the equipment, it was difficult to avoid the tip
oscillations and instead efforts were directed at suppressing the response of the machine to these
oscillations. Suppression of machine response to these oscillations (which would otherwise
result in an error message and suspension of machine operation) was achieved by lowering the
transducer noise filter from 300 Hz to 3 Hz and by reducing the piezo gain from 496 to 50 prior
to attempting a "quick approach" of the sample.
Once the tip had successfully touched down on the sample, the natural oscillations are
quickly damped by contact with the surface and feedback and imaging controls were gradually
returned to levels used for normal operation in air in a stepwise fashion, ensuring that the tip
remained in contact with the surface. On occasion, oscillations were not completely damped
when this procedure was first applied. Under these circumstances, the machine was returned to a
state of limited feedback and an increase contact load (up to 15 gN) was sometimes necessary.
After constant contact of tip with the surface had been established, feedback controls were raised
and the contact load was lowered to normal values (1-2 gN).
An additional complication of operating in vacuum or various inert gas environments was
malfunction of system components due to gas ionization at certain pressures. Both the
piezoelectric scanner and the transducer contain internal components that experience high
voltages differences (up to 600 V) during operation. Voltage differences of this magnitude over
small distances can have the unintended consequence of creating an electrical discharge event
whereby ionization of molecules between small gaps leads to a spontaneous ionization
avalanche, causing an electrical short across the gap. This phenomena is known by many names
(ionization avalanche, corona discharge, Townsend effect [168]) and though the precise details
of this effect are beyond the scope of this thesis, the main consequence is that certain conditions
which promote the effect must be avoided. Through this project, it was found that the
piezoelectric scanner and transducer required a few minor proprietary alterations to render the
equipment suitable for operation at vacuum levels of 10-2 Torr. Additionally, while operating in
argon or helium near atmospheric pressures, the maximum load of indentation had to be limited
to 7 mN and 5 mN, respectively, as these gases, though desirable for their chemical inertness, are
particularly susceptible to ionization at the voltages required for application of higher forces.
2.3.2 Characterization of thermal drift
Using the practices described in Section 2.3.1, an extensive characterization of the system
was undertaken. As it is the main challenge associated with high temperature nanoindentation,
considerable effort was focused on identifying a combination of system conditions to minimize
thermal drift. Drift stabilization, as well as the influence of system configurations including
atmosphere, tip selection, and the sample material will be discussed.
In attempting to establish the steady state drift characteristics of the custom setup, both
pre-loading and unloading thermal drift rates were measured. For all drift rate characterization
studies, the loading function consisted of a 20 s drift characterization hold at 2 gN, loading to 9.5
mN at a rate of 4 mN/s, followed by unloading at a rate of 4 mN/s to 20% of the peak load for 10
s and finally complete unloading except where otherwise noted. A series of identical
indentations was performed over time and the drift rates were measured for each test.
Figure 12 illustrates the evolution of both drift measurements over time for two
representative temperatures under vacuum levels of - 10-3 Torr with a standard extended length
Macor tip on fused silica. From this figure, it can be seen that during low temperature operation,
the two independent drift measurements are quite close, but a larger deviation is apparent for the
higher temperature. This deviation indicates that especially at higher temperatures, the thermal
drift rate changes during a single indentation test. Also from this graph, one can see that the
deviation is quite consistent, demonstrating that this is not a transient effect, but instead it
represents a process that occurs with every successive indentation. This consistency may be
explained by the periodic cycle of continuous heating of the indenter tip and shaft during an
indentation followed by subsequent cooling between tests, producing a consistent change in the
two drift rates.
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Figure 12 Comparison of drift rates over time for two temperatures.
From these temperatures, it can be seen that there is a consistent deviation between the drift rate
measurements taken during the unloading hold and the pre-loading hold. Additionally, the higher
temperature generally shows a higher and more scattered drift rate than is observed at 215
0C. In both cases,
the drift rates remain steady even from the early stages of testing, indicating the thermal stability of the
system.
Another main feature of Figure 12 is the establishment of a steady state drift rate very
early into testing, perhaps after as little as 25 minutes. This short transient period was
approximately the same, regardless of various testing configurations. Trends seen here are
similar to those observed in an earlier study [141], namely an increase in the steady state drift
rate, as well as an increase in the scatter around the steady state drift rate with temperature.
Figure 13 illustrates these effects more quantitatively, where the results of the present system
under vacuum are compared with those of an earlier system's performance in air [141]. In both
systems, measurements are made on fused silica using a standard extended length Macor shaft
Berkovich tip. It should be noted that drift measurements from the pre-load hold at 2 pN were
used in this graph for the present system. Prior results in air [141] noted no difference in drift
rates from the two measurements, and as such, the two measurements were averaged for this data
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set. From this graph, it is apparent that the present system demonstrates improved drift rate
performance at each temperature, resulting in a lower percentage of curves with high drift rates.
Depending on the particular drift rate tolerances of an experiment, these results indicate that use
of the present system will result in a higher fraction of results that are acceptable from a thermal
drift standpoint. It is postulated that the reductions in average drift rate and the scatter in the
measurement of drift are due to the effective removal of convection as a source of thermal noise
by operating in vacuum.
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Figure 13 Master drift plot comparing the current system in vacuum to a previous system.
The current system shows improved performance over the previous system (which was tested in air) at each
temperature, with lower steady state drift measurements at each of the contours representing the fraction of
tests with drift rate less than or equal to the plotted value.
Though the present system provides improved performance in terms of thermal drift, the
existence of changing drift rates during the course of a single test may present problems for
certain analyses. To understand the origin of these differences, specifically why they are so
much more pronounced in vacuum than during previous tests in air, the thermal drift
performance was also characterized for operation in argon and helium at 400 Torr, which
provided a similarly inert environment for preventing oxidation of sensitive sample surfaces.
The results of studies in these gases are shown in Figure 14 below.
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Figure 14 Steady state drift rates in various environments.
Drift rates for argon and helium atmospheres (gray open and fildled points) compared to those of a vacuum
environment (black open and filled points). For both of the inert gases, the difference between the drift rates
measured during the unloading (u) and pre-loading (p) holds is minimized compared to the difference in
vacuum. However, the use of argon or helium increases the standard deviation of the drift rate, as is shown
by the error bars, an effect that is likely due to convection.
All tests were performed using a standard extended length Macor tip to peak loads of 9.5, 7, and
5 mN for operation in vacuum, argon, and helium, respectively. For operation in both gases, the
additional complication of sample cooling through convection required additional power to be
delivered to the heater to achieve elevated temperatures. For helium, the effect was quite
pronounced, which is consistent with the increased thermal conduction and convection of heat
away from the sample in a light gas [169]. A major result of operating in an inert gas
environment, as opposed to vacuum, is that the deviation between the pre-loading and unloading
drift measurements is reduced, likely owing to the greater thermal conductivity of these gases (as
compared to a rarified environment with essentially zero conductivity) [169] which enables
heating of the gas and additional heat transfer to the tip. In the case of helium, the result is
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similar to operation in air [141] where the difference in measurements is negligible. In both
cases, the decrease in deviation comes at the expense of a greater variation in results at steady
state from test to test as compared to operation under vacuum.
In an attempt to further improve the performance of the system, several specialty indenter
tips were tested to determine their effectiveness at reducing thermal drift. Traditionally, an
indenter tip with an extended length Macor shaft is used in conjunction with Hysitron's
transducer cooling shield. In this study, two additional specialty tips were tested: a tip with an
extended length shaft made of a low thermal expansion material and a tip with a super extended
length Macor shaft. In a third configuration, the super extended tip was outfitted with an
integrated thermal radiation reflection shield. Figure 15 plots the results obtained using these
tips in vacuum along with the results from the standard extended length tip for comparison. By
using the super extended tip, only a slight reduction in the average thermal drift is achieved and
the standard deviation is relatively unchanged as compared to the standard extended length
Macor tips. This demonstrates that the increase in thermal drift rates and standard deviations
with temperature is not likely due to overheating of the transducer, which would have been
reduced by using the super extended length tip. Though the average drift rate using the super
extended length tip with integrated reflector shield is similar to the results of the super extended
tip alone, a significant reduction in the scatter is apparent. More impressive results are obtained
using the low thermal expansion tip; a significant reduction in thermal drift is seen at 3000 C and
the difference between the computer and machine corrections is markedly diminished. The
reduced difference in drift between the two corrections is believed to result from the tip's
resistance to thermal expansion despite temperature changes due to conduction of heat up the tip
shaft once an indentation is initiated.
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Figure 15 Effect of tip selection on thermal drift rate.
The choice of tip can have notable impact on the drift rate (calculated from the unloading hold) (a.) and the
difference in drift rate between the unloading and pre-loading hold measurements (b.). By using the super-
extended (SE) tip, the drift rate and the difference in drift rate are lowered slightly. Adding an integrated
shield to the SE tip drastically lowers the standard deviation of the drift rate. A low thermal expansion tip
reduces the drift rate significantly, but most significantly, it leads to a minimal difference in drift rate
measurements.
Though the environment and specific configuration of the instrument can be optimized to
control thermal drift under various conditions, an important component has not yet been
discussed: the sample. In addition to those of the tip, the thermal properties of the sample affect
the establishment of a steady-state thermal drift condition. Testing has revealed that samples
with high thermal conductivity can exhibit significantly elevated thermal drift rates as compared
to fused silica, a low thermal conductivity material. Table 1 compiles results on several
materials, and though it does not contain enough data to fully map out the temperature-thermal
conductivity-drift rate space, it does give a general indication that highly conductive samples will
present the largest difficulties in managing thermal drift in vacuum. The extent to which
changing the atmospheric conditions (e.g. using helium, argon, air, etc.) will affect trends seen
here has not yet been determined, but based on the atmospheric results in Figure 14, it is possible
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that the convection and conduction associated with operation in a gas environment may
overwhelm the differences seen due to sample material. In addition to thermal conductivity, the
hardness of a material can also influence the drift rate by controlling the area through which heat
conducts from the sample into the indenter tip. The effect of hardness has not yet been studied in
detail, but preliminary data show that harder materials, with correspondingly lower contact areas
with the tip, experience lower thermal drift than softer materials with similar thermal
conductivities.
Table 1 Steady-state thermal drift rate at -300 0 C for several materials
Material Thermal Conductivity (W/m°C)* Average unloading drift rate (nm/s)
Fused Silica 1.38 [170] 1.2 ± 0.1
Macor 1.46 t 1.5 ± 0.2
4H-SiC 370-420 ' 5.6 ± 0.2
Copper 399 [171] 36.7 ± 3.6
Through altering some of the main control parameters for operation of a high temperature
nanoindenter in a non-oxidizing environment including operating environment, tip selection, and
sample material, the thermal drift characteristics of the custom system have been identified.
Though a single configuration is not optimal for all situations, a best configuration can be
selected based on the requirements of a particular test. For example, if very low drift rates are
consistently required and the maximum peak load is unimportant, operation in helium with a low
thermal expansion tip may be optimal. However, if higher loads are required, a trade-off to
slightly higher drift rates from operation in vacuum would be necessary. Regardless, the results
* Values represent room temperature thermal conductivity
t Material Data Sheet, Corning, Inc. www.corning.com/docs/specialtymaterials/pisheets/Macor.pdf
• Material Data Sheet, Cree, Inc. www.cree.com/products/pdf/MAT-CATALOGOOL.pdf
presented here give a good indication of the trends which can be used in the future for further
enhancement and optimization of high temperature nanoindentation systems.
2.3.3 Verification of performance
In addition to characterizing the thermal drift behavior of the system, it was also
necessary to confirm the performance of the system against a standard material with known
properties. Fused silica has become the de facto standard used by much of the community; it has
been used here for this reason, in addition to its structural stability as compared to metals, many
of which would undergo grain growth and other processes over the temperature ranges studied
here.
A series of indentations were performed on the fused silica sample at temperatures up to
300'C. The loading function consisted of a 20 s drift characterization hold at 2 gN, loading to
9.5 mN at a rate of 4 mN/s, followed by unloading at a rate of 4 mN/s to 20% of the peak load
for 10 s and finally complete unloading. For each temperature, the data analyzed for properties
was taken after the system had achieved steady state. Load-depth curves were analyzed
according to standard Oliver and Pharr procedures [101, 165, 166], using an area function
determined at room temperature. The drift rate calculated from the unloading hold was used for
the thermal drift correction. Figure 16 plots the results of these tests in comparison to earlier
published work performed in air [141, 144], which were shown to match well with the measure
bulk properties of fused silica. Both the reduced elastic modulus and the indentation hardness
closely follow the previously acquired data, showing that the current system is capable of
producing high quality, verifiable property information. Further characterization of the
properties over the full range of available temperatures is pending the development of a low
thermal expansion tip capable of higher temperatures. However, to the knowledge of the author,
these measurements represent the first validated nanoindentation data acquired at high
temperatures under vacuum.
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Figure 16 Modulus and hardness of fused silica at elevated temperatures
The reduced modulus (a.) and hardness (b.) of silica using the custom apparatus in vacuum is compared to
previously published nanoindentation data from testing in air in Ref. [141] (red) and Ref. [144] (blue). The
data from the present study are bracketed by earlier results, showing that it is capable of producing reliable,
verifiable property data.
2.4 Conclusion
In this chapter, an overview of the field of high temperature nanoindentation and the
inherent challenges of the technique were presented. A nanoindentation system capable of high
resolution testing at ambient and elevated temperatures was developed and a set of best practices
for operation in non-oxidizing environments were determined. Finally, the performance of the
system was characterized using standard samples. Though these activities contribute to the field
of nanoindentation itself, they also represent a necessary first step towards the goal of studying
the nanomechanical behavior of metallic glasses across the various deformation regimes. In
what follows, the instrumentation detailed here is applied first at ambient temperature to gain an
understanding of shear band initiation. Later, the full capabilities of the custom system will be
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exploited to study the transition from inhomogeneous to homogeneous flow above the glass
transition temperature.
3. Initiation of shear bands near a stress concentration in metallic
glass
Among the many uncertainties about shear band formation detailed in Section 1.1, there
is a pressing need to understand how shear bands form in complex stress fields, especially near
stress concentrations [172]. This information is not only instrumental to the design of structures
made from metallic glass, but to provide underpinning physics for problems of fracture and
fatigue, and motivate the rational design of glass composite microstructures. The purpose of the
present chapter is to use small scale nanoindentation to systematically study shear band
formation near a stress concentration at room temperature, with a simple and well understood
contact geometry; specifically, shear band initiation at a Hertzian surface contact is addressed.
Experimental results from several glasses are obtained in Section 3.1, and an analysis is
developed in Section 3.2 to describe the conditions required to initiate a shear band in metallic
glass. This analysis not only rationalizes the experimental contact load measurements in terms
of the yield stress of the materials, but also agrees with existing experimental observations about
the extent of the plastic zone defined by shear band activity beneath a Hertzian contact.
3.1 Experiments
Three bulk metallic glasses were used in this study: one of each based on Pd, Zr, and Fe;
the exact compositions of the alloys are listed in Table 2. Each specimen was several
millimeters in diameter, produced by arc melting pure metals and casting into cooled copper
molds under an inert atmosphere, as detailed in [173-175]. Specimens were metallographically
sectioned and mechanically polished to a roughness of less than 5 nm for contact mechanical
studies in a nanoindenter.
Table 2 Compositions and relevant properties for several glasses.
Error bars on ,y are liberally assigned as ±20 %.
Vickers cy from ',y from
Composition (GPa) ratio Hardness Vickers Pa) y,
(GPa) (GPa) (GPa)
Pd40Ni40 P20  117 ± 1 0.4 [176] 5.1 ± 0.1 0.7 1.4-1.78 [14, 17] 0.6-0.8
Fe4 1Co 7Cr 15MO1 4C15B 6Y 2 217 ± 2 0.3* [10, 177] 11.7 + 0.4 1.6 3.5 [178] 1.5
Zr49Cu45A16  109 ± 2 0.36* [177] 5.1 ± 0.1 0.7 1.2-1.5 [179] 0.5-0.7
*approximate value from glasses of similar composition
In order to introduce a well-defined stress concentration and to have the capability of
detecting shear band formation, instrumented Hertzian contact experiments were performed.
The Hertzian spherical contact geometry provides a well-known elastic stress field prior to yield,
while the instrumented indentation test platform allows ready detection of shear banding events,
which are accompanied by displacement bursts [58, 98, 126, 180]. All of the experiments were
performed using a Nanomechanical Test Instrument (from Hysitron, Inc., Minneapolis, MN)
with load and depth resolution of 0.1 gN and 0.2 nm, respectively. Three diamond tips were
used for this study, and over the range of indentation depths considered here, each tip was
approximately spherical. The radius of curvature was determined for each of the tips using
standard techniques [90, 124, 125], giving tip radii of R= 180, 590, and 1100 nm. For each set of
experiments with a particular tip and sample combination, the indenter was loaded to a specified
maximum load at a constant rate of 0.15 mN/s.
Figure 17 illustrates the basic responses measured in our experiments, with Figure 17(a)
showing data from a typical indentation in the Pd-based glass with the R=590 nm tip. Loading
and unloading at low loads in the elastic range labeled in Figure 17(a) produced no measurable
plastic deformation, with the unloading curve exactly retracing the loading curve. However,
once the load exceeded some critical threshold, rapid depth excursions were observed in the
loading curves as denoted by the large filled points in Figure 17(a). These "pop-ins" correspond
to shear banding events, as commonly seen in nanoindentation experiments [58, 89, 98, 180].
The occurrence of the first pop-in marks the experimentally observed onset of plastic flow;
indentations beyond this point always exhibited measurable residual displacements after
unloading.
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Figure 17 Instrumented Hertzian contact response during loading of the Pd-based glass
(a) Typical load-depth response using a 590 nm tip radius demonstrating departure from the elastic
prediction of Eq. (1) at the plastic yield point. Sudden depth excursions in (a.), represented by darkened
circles, correspond exactly to spikes in the velocity response shown in (b.) during shear banding events.
The separation of shear banding events from elastic deflection is also made clear by
comparing the data to a Hertzian elastic prediction [181, 182] of the load-displacement
relationship,
4 1/
P=- ER h (1)
where P is the load, R is the radius of the indenter tip, h is the indentation depth, and Er is the
reduced modulus. The reduced modulus is given by
1 1-v2  1-V 2
S -vsample + indenter (2)
Er Esample Eindenter
where E is the Young's modulus and v is Poisson's ratio for the sample and diamond indenter
tip, as denoted by the subscripts. Figure 17(a) illustrates the expected elastic response for the Pd-
based glass, using the elastic constants from Table 2 along with the values for diamond from Ref.
[183]. The agreement between Eq. (1) and the experimental data is further evidence that the
deflection prior to the first pop-in is indeed elastic. The indenter velocity (dh/dt) predicted for a
strictly Hertzian elastic contact can also be subtracted from the true indentation velocity to reveal
pop-ins as a sudden spike in the differential velocity, Vdiff. Figure 17(b) shows a typical
measurement of Vdiff corresponding to the load-displacement curve from Figure 17(a), where
such spikes are shown to be significantly higher in magnitude than the noise [126]. In Figure
17(b), the filled data points correspond exactly to those from Figure 17(a).
In this study, the stress state required to initiate the first observable shear band in these
experiments is examined. For each combination of glass and indenter tip, many nominally
identical indentations were performed to obtain statistically reliable information about the first
shear banding event. The first event was identified for each test using both of the criteria
outlined above: (1) a sudden depth excursion marking the first departure from the Hertzian
prediction, and (2) a corresponding spike in the velocity. Figure 18 compiles the results,
showing the measured load, P, at the yield point. Each data point is an average of more than 100
individual tests conducted under identical test conditions. Vertical error bars mark the standard
deviations of the measurements, while horizontal error bars denote the uncertainty in the tip
radius. A semi-logarithmic format is chosen solely to help illustrate trends.
1000
P
(pN) 100 Pd-based
10 I I
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Rtip (Pm)
Figure 18 Average load for the first shear banding event in three metallic glasses.
Each data point represents an average of over 100 individual first yield points, identified using the techniques
illustrated in Figure 17.
3.2 Analysis
Though it is known that shear banding proceeds as a continuous process beneath an
indentation, with shear bands extending deeper into the material to extend the plastic zone as the
load is increased [184], experimentally it is observed that any changes associated with this
process are below the resolution of the instrument until the first shear band penetrates the free
surface of the material. In this section, the first pop-in, which occurs when a shear band
intersects the free surface and creates a permanent shear offset, is interpreted as a yielding event.
As such, this event is expected to be an experimental measurement of the material yield stress, if
the yield event is appropriately interpreted.
The following discussion seeks to explain and illustrate two specific features of the shear
banding process beneath a point contact:
--The stress state at yield (as it relates quantitatively to the measurements in Figure 18) will
be connected to the known macroscopic yield stresses of the three glasses. Amorphous
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metals are elastically isotropic and the measurements in Figure 18 represent the first
departure from elastic behavior, so it can reasonably be assumed that the stress state in the
material at the moment immediately prior to yield is precisely known and described by the
Hertzian contact equations. Using the Hertzian model, a connection between the stress state
at yield, and independent macroscopic measurements of the shear yield stress, ty, is sought.
Values of ty for the glasses studied here are compiled in Table 2, based on compressive yield
stress measurements from the literature [14, 17, 178, 179] as well as Vickers hardness
measurements using 200 g load for 15 seconds. Uniaxial and hardness data were converted
to shear yield stresses according to Refs. [185, 186], incorporating a normal stress
dependence described by the Mohr-Coulomb yield criterion. The estimated shear yield
stresses listed in Table 2 are assigned liberal error bars that account for uncertainty in the
measurements, as well as the range of material-specific constants used in the stress
conversions. Although these values are thus somewhat approximate, it will be shown shortly
that they are sufficiently accurate for a general comparison.
--The stress state at yield will be linked to the geometry of a forming shear band to identify
how the shear band path is affected by a stress concentration. Since events that occur in the
interior of the specimen cannot be directly observed during deformation, post-deformation
photographic evidence, which is fortunately available from a variety of prior works on
indentation of metallic glasses [184, 186-189] is used instead. For example, Figure 19 is an
image of the deformation field around a cylindrical indentation in a Zr-based glass from Ref.
[184]. While this photograph is for a cylindrical geometry and our experiments use a
spherical one, the mechanical similarities are sufficient to make some important qualitative
observations. For example, as shown by the dotted line in Figure 19, for a given contact
radius, a, shear bands penetrate deeply into the material to a depth in excess of 2a, defining
the plastic zone. In what follows, the dashed line from Figure 19 is used as an approximate
shear band path to compare with the predictions of various models.
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Figure 19 Shear bands around a cylindrical indentation from Ref. [184].
The shear bands penetrate to a plastic zone depth of more than twice the contact radius. The dashed line
here is reproduced in later figures as an example.
With the above two goals in mind, the following sections discuss several proposals for
analyzing the yield condition around a Hertzian stress concentration. Section 2.2.1 starts with a
common procedure used to analyze indentation data, motivated by work on crystalline metals,
but shows that for metallic glasses a new framework is required. In Section 2.2.2, an existing
model for yield of amorphous metals around a Hertzian contact is reviewed, and in Section 2.2.3
an analysis that properly captures the nature of yield as a shear band formation event is proposed.
This analysis rationalizes both the measurements in Figure 18 and observations of shear band
paths such as those from Figure 19.
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3.2.1 Maximum shear stress criterion
The simplest starting point for analyzing yield around a Hertzian contact is to consider
the maximum shear stress sustained in the material immediately prior to yield. This approach is
common for crystalline metals [123, 124, 126, 127, 190-192], and is predicated on the ideas that
(i) yielding is controlled by shear stresses, and (ii) the location where the stresses are highest will
correspond to the dominant initiation point. This approach is used for its relative simplicity and
its success in explaining the onset of plasticity in several material systems in which there is a
discrete nucleation-type event that triggers plastic flow [123, 124, 126, 127, 190-192]. For a
variety of crystalline materials, the predictions of this approach have been related to theoretical
yield stresses or stresses associated with specific physical events such as dislocation nucleation
[124, 126, 127, 191, 192]. It is of specific interest to note that Bei et al. [90] applied this
approach to interpret nanoindentation results on a metallic glass.
For elastic contact of a sphere on a flat plate, a complete solution for the stress state
throughout the indented material is available, based on the original model of Hertz [193].
Identifying the characteristic length scale of the problem with the contact radius,
3PR1/3
a- , (3)y4Er
and the characteristic stress with the mean contact pressure,
4 Era
P, (4)3 nzR
the full solution for the Hertzian stress field can be expressed in reduced stresses (Y') and spatial
variables (r', z') in cylindrical coordinates around the first contact point, where the prime denotes
normalization by Eq. (3) or (4). For convenience, the full set of equations for the various stress
components beneath the contact is reproduced in Appendix A. Using these equations, the
maximum (ao') and minimum (a3') principal stresses can be used to compute the maximum shear
stress (t') at every point in the stress field according to
'(r, z)- ). a 3(5)2
The right side of Figure 20 shows contours of the maximum shear stress (Eq.(5))
throughout the elastic half-space. From this plot, it is seen that a point along r'--O at a depth of
z'-0.5 experiences the highest shear stress in the material. The maximum shear stress present at
this point may be expressed in approximate form as
r = 0.45 P , (6)
where the numerical prefactor assumes a Poisson's ratio of v-0.33. Using Eq. (6) with Eq.(4), a
load measurement from a contact experiment can be converted into the maximum shear stress,
and more precise conversions for known values of v are possible using the full field equation
(Eq.(5)) with Eq.(4).
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Figure 20 Stress field under a Hertzian contact.
Contours of maximum shear stress (r') and pressure-modified shear stress ('r'-ap' with =--0.12) are shown on
the right and left, respectively. The pressure modification reduces the maximum stress and shifts it slightly
deeper into the material.
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In Bei's work, it was assumed that yield would proceed from the point of maximum shear
stress, thus the highest stress in the material predicted by Hertzian theory at the pop-in load was
viewed as an experimental measure of the material yield stress [90]. Using the same procedure,
the value of tmx at yield from each individual contact experiment underlying the data in Figure
18 has been extracted using the values for Poisson's ratio found in Table 2. The resulting
maximum shear stresses obtained using this method are shown in Figure 21 (a).
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Figure 21 Maximum shear stress criterion results.
(a.) Results of converting the critical indentation loads into stress according to a maximum shear stress
criterion. Shaded bars indicate the macroscopic shear yield stresses from Table 2 (b.) The predicted shear
trajectory for a yield event controlled by the maximum shear stress, as compared with a typical observed
shear band path beneath a Hertzian contact, which defines the extent of the plastic zone.
The conversion from loads to stresses (P vs. Tmax in Figure 18 and Figure 21(a), respectively)
adequately scales out the trends with tip radius; the yield stress in Figure 21(a) is relatively
constant with R for each material. However, in each case the extracted yield stresses are
extremely high, significantly exceeding the macroscopic shear yield stresses for these glasses,
which are listed in Table 2 and shown as horizontal bars in Figure 21, Figure 22, and Figure 26.
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The error bars on our results (from more than 100 tests at each set of conditions) are very small
compared to the disagreement reflected here.
Thus, one problem with assigning max as the yield stress in this situation is that it returns
values that are quite drastically out of line with respect to the expected values. A second serious
problem with this approach is revealed by considering the expected shear band trajectory and the
plastic zone that it delineates, were yield to initiate from the position of maximum shear stress at
z'-~0.5. Comparing Figure 20 and Figure 19, it is clear that shear bands beneath Hertzian
contacts penetrate much more deeply than z'=0.5, to depths beyond z'=2. More detailed
quantitative analysis of the expected shear band path highlights this discrepancy. The path of a
shear band originating from the point of maximum shear stress has been calculated based on the
full Hertzian stress field according to the procedure outlined in Appendix B. This trajectory is
shown as a black line in Figure 21(b), where we also reproduce the dotted line indicating the
shear band path and approximate extent of the plastic zone from Figure 19. Clearly, the
observed shear band traverses significantly more volume than that predicted by the maximum
shear stress method.
Though the maximum shear stress yield criterion has been applied to other situations with
considerable success (particularly for crystalline materials), for metallic glasses this criterion is
unable to even approximately match the expected yield stress, or rationalize the trajectories of
the shear bands. These data therefore suggest that the shear banding responsible for the first
pop-in event does not simply initiate when a large shear stress is present at a point in a stress
concentration field.
3.2.2 Pressure-modified criterion
Plastic deformation has been found to exhibit a significant pressure or normal stress
dependence in metallic glasses, as evidenced by tension/compression asymmetry in the yield
stress [13, 17, 20], and deviations in the shear and fracture planes from the planes of maximum
shear stress [14, 16, 20, 187, 194, 195]. It seems possible, therefore, that the confining pressure
beneath a Hertzian contact could suppress shear band formation and force the initiation point
deeper into the material. Therefore, a next logical step to analyzing the contact measurements is
to incorporate the effect of a pressure or normal stress into the yield criterion. A first attempt to
incorporate such effects into the tmax analysis described in the previous section was reported by
Wright et al. [196]. In their analysis, the Hertz model was still employed, but the normal stress
on an assumed shear plane was incorporated into the yield criterion, and a procedure was
presented to identify the yield stress by solving a system of equations. The procedure outlined
below alternatively uses a pressure-dependent yield strength. However, the same analysis has
been performed using the normal stress modification proposed by Wright et al., and no
significant difference in the final result was found.
The pressure can be computed at any point in the Hertzian field from the principal stress
components,
pl(r, z) =- (7)
Then a pressure-modified maximum shear stress is defined as
r'- a p', (8)
and the field is plotted on the left side of Figure 20, using a pressure coefficient of X=0.12.
Comparison to the maximum shear stress field (on the right of Figure 20) shows that pressure
slightly shifts the field, which attains a maximum at a marginally larger depth (z'-0.54 as
compared with z'-0.5), and lowers the effective stress levels everywhere. An approximation for
the maximum pressure-modified stress present in the material can be expressed in the same form
as Eq.(6),
(,--op), = 0.41- P. (9)
for the specific case where v=0.33 and a=0.12.
Figure 22(a) shows the maximum pressure-modified stresses present under the tip for
each of our measurements, using the appropriate values for Poisson's ratio from Table 2 and an
assumed pressure coefficient a-0.12.
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Figure 22 Pressure-modified criterion results.
(a.) Results of converting the critical loads into stress according to a pressure-modified criterion. Shaded
bars indicate the macroscopic shear yield stresses from Table 2. (b.) The predicted shear trajectory for a yield
event controlled by the maximum pressure-modified stress, as compared with a typical observed shear band
path beneath a Hertzian contact, which defines the extent of the plastic zone.
The stresses obtained according to this criterion are somewhat reduced compared with the
maximum shear stress estimates from Figure 21(a), but are still significantly higher than the true
shear yield stress; the error is still more than a factor of two, and the extracted yield stresses
remain physically implausible. Figure 22(b) shows the trajectory originating from the point of
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maximum pressure-modified stress as a solid line. Since the stress field shifts only slightly due
to the pressure dependence, the trajectory of the shear band only shifts a correspondingly small
amount. In other words, a pressure-modified yield criterion is insufficient to explain the very
deep shear bands observed in experiments, as shown by the dotted line in Figure 22(b), if it is
assumed that yield initiates at the point of maximum stress.
Thus, the introduction of a pressure-modified yield stress does little to resolve the
problems seen in the previous section; neither the extracted stress levels nor the shear band
trajectory match the expected response. Although the addition of a pressure effect shifts the
results in the correct direction, its effect is subtle. This result is not an artifact of the specific
assumptions used here. For example, as mentioned above, the use of a normal stress instead of a
pressure dependence gives essentially the same results; the theoretical shear trajectory shifts only
slightly, and the extracted stresses are still much too high. What is more, the specific choice of
a=O. 12 can be regarded as an effective upper bound on the pressure effect, this being one of the
highest reported values for a [41]; the predictions in Figure 22(b) cannot be improved with any
physically reasonable choice of a. Thus, even when confining stresses are accounted for,
considering only the highest stresses at a point in the material directly under the indenter fails to
accurately describe the conditions for shear band formation around a stress concentrator.
3.2.3 Shear plane analysis
One shortcoming responsible for the failure of the previous analyses is that they do not
acknowledge the process of shear band formation as a cooperative effect that occurs on a specific
shear plane. For example, it has been pointed out for several years [180, 187, 197-201] that the
shear band fields observed in experiments on metallic glasses closely match those expected from
classical slip-line field analysis of rigid-perfectly plastic materials. In such materials the yield
event is shearing on a plane over which a yield stress is everywhere exceeded. It should be noted
that although simple Hertzian contact analyses have thus far been deficient in reproducing shear
band paths, more sophisticated models of glass deformation, such as those which incorporate
plastic dilatation into constitutive theories of finite deformation [197], can accurately predict the
complex shear band patterns beneath indentations [184, 197]. Here, it is proposed that analysis
of the elastic-plastic transition in metallic glasses must conform to these observations. In what
follows, the stresses along various potential slip lines are examined, revealing that the shear
banding event observed as the first pop-in corresponds to the flow of the material on a slip line
along which the yield stress is exceeded at every point. In interpreting the event in this way, the
slip line sustaining the highest stress along its entire length is the preferred shear plane, with the
minimum stress along that line defining the yield strength.
The analysis begins by charting the stress along various possible slip lines. Using the
approach outlined in Appendix B, which determines the direction of the maximum shear stress in
terms of the principal directions, several example slip lines representing possible shear
trajectories originating along the z-axis have been plotted in Figure 23(a). The shape of the slip
lines vary with increasing distance from the point of contact because the principal stress fields
are not uniform under the indenter. Correspondingly, the stress is not constant along a given slip
line, but changes as it traverses the stress field shown in Figure 20. Figure 23(b) shows how the
effective shear stress (pressure-modified) varies along the slip lines illustrated in Figure 23(a),
where the left-hand side of the plot represents r'=O, and the slip lines terminate (the right of the
plot) when they reach the surface. From Figure 23(b), it is apparent that lines i and ii reach very
high stresses at local points along their length, but it can also be seen that other points along
these paths experience minimal stresses. Although its stress profile is more complex, a similar
statement may be made about line iv, which also experiences very low stresses over part of its
length. In contrast, line iii, though it doesn't achieve extremely high stresses anywhere on its
length, experiences a sustained moderate stress level of at least 0.07-Pm along the entire
trajectory. If the yield stress must be exceeded everywhere along an entire plane defined by a
slip line in order for a shear band to form, then line iii is the only viable candidate from among
these four.
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Figure 23 Slip lines which represent potential shear band paths and the stresses along them.
(a.) Potential shear band trajectories calculated according to Appendix B and (b.) the stress along those lines
as they traverse the stress field starting from r'=O. Some paths reach very high stresses locally, but elsewhere
on the path the stresses are very low. Line iii sustains the highest stress over its entire length.
To exhaustively consider the potential for plastic flow on all possible slip lines around the
contact zone, slip lines have been computed from a multitude of starting coordinates over the
range of r'=[0, 5] and z'=[0, 5] and the stress (t-xp) at each point along a given path determined.
The minimum pressure-modified stress is defined along a given path as ,sp, which is then viewed
as the effective yield stress for shear on a plane. Normalized values of tsp are plotted as a
function of the spatial origin of the shear trajectory in Figure 24.
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Figure 24. Shear plane stresses along potential slip lines.
The slip line from z'~-2.3 emerges as the preferential trajectory because it sustains the highest stress over the
entire path length. This result compares well to the shear band path and extent of the plastic zone observed
in Figure 19.
The main feature of Figure 24 is a narrow path of high 'p extending from z'~-2.3 to the edge of
the contact near r'-l; this indicates the slip line which experiences the highest stress along its
entire length, thus this path emerges as the preferential shear band trajectory. This trajectory
does not experience the highest stresses in the Hertzian field, but is the only slip line stressed
above the critical stress for yield along its entire length. Comparing Figure 24 and Figure 19, it
is encouraging to see that this criterion can adequately explain the extent of the plastic zone
observed under a Hertzian contact. It should be additionally noted that this analysis is still
ultimately based on high stress at a point. This critical point is not simply the most highly
stressed point in the material based on the elastic field produced by the Hertzian equations; it is
located on a slip line which connects to the free surface.
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It is proposed that the slip line in Figure 24 is the one that is activated during the first
pop-in event and that Tsp along that path can be considered as a measurement of the yield stress.
Because this slip line specifically does not traverse the highest stresses in the field (cf. Figure
20), Tsp is necessarily much lower than tmax. To compare the various yield analyses studied here,
the major result from each is plotted in Figure 25, along the z-axis. In this figure, the maximum
shear stress t and pressure-modified stress (t-oap) both demonstrate a maximum value near z'-0.5
that is a significant fraction of the mean contact pressure-as high as 0.45 and 0.41, respectively
(see also Eqs. (6) and (9)). Alternatively, rsp is considerably lower at all z', and predicts that
shear banding will occur at a much more moderate stress level of
sp = 0.07 -P (10)
over the entire slip line spanning from z'-2.3 to the edge of the contact circle.
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Figure 25 Three proposed yield-controlling stresses plotted along the r'=0 axis.
Although the local point stresses r' and r'-ap' maximize near z'=0.5, the shear plane stress csp (defined as the
minimum stress along a slip line) predicts that shear band formation will occur much deeper in the material
(z'-2.3), and at a lower stress.
Figure 26 plots the results of applying this shear plane analysis to the measurements from
Figure 18. Here the vertical scale used in Figure 21(a) and Figure 22(a) has been maintained for
consistency in comparing the results obtained using the various analysis methods. In contrast to
those of Figure 21(a) and Figure 22(a) using the maximum shear or pressure-modified shear
stress criteria, the results in Figure 26 are of the correct order, and in light of the liberal error bars
assigned to the "true" values of shear yield stress (Table 2), the agreement with the data is quite
good. In fact, it is encouraging to see that this analysis returns yield strengths somewhat lower
than do macroscopic tests. In the present scenario, the yield point is not sequestered in the bulk
beneath the impression site, but actually involves a shear band connecting to the free surface.
For small-scale contact tests like these, surface imperfections would then be expected to lower
the measured strength. Accordingly, the results of the shear plane analysis in Figure 26 are
eminently plausible as compared with those in either Figure 21(a) or Figure 22 (a).
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Figure 26 Shear plane analysis results compared to previous results.
Shaded bars indicate the macroscopic shear yield stresses from Table 2. In (a.) the maximum shear stress
criterion from Section 2.2.1 is used to calculate the stress, and in (b.) the pressure-modified shear stress from
Section 2.2.2 is presented; there criteria lead to very high values of extracted yield stress. In (c.), the shear
plane stress based on the analysis in Section 2.2.3 is shown, giving extracted yield stresses that are more in
line with the expected values (horizontal bars).
Based on the results in Figure 26 and the location of the resulting predicted shear plane
from Figure 24, it appears that shear band formation is governed by stress exceeding the yield
stress, not at an arbitrary point near a stress concentration, but on a slip line which intersects the
free surface.
3.3 Implications and conclusions
In this chapter, incipient strain localization was studied through instrumented Hertzian
contact experiments in three metallic glass compositions. Measurements at yield were analyzed
with existing methods based on local (point) stresses, without success. On the other hand, a
shear plane analysis which requires the yield stress to be exceeded on a slip line that provides
material flow to the free surface rationalizes the contact measurements as well as observations of
the shear band trajectory. The shear plane predicted by this analysis bears close resemblance to
that expected from slip-line field theory [187, 202, 203], which has been successfully used to
explain the geometry of shear bands around stress concentrations in metallic glasses [32, 180,
187, 197-200]. Advanced finite-deformation constitutive theories have also produced
outstanding qualitative reproduction of the complex shear band patterns under plane strain
indentation [184, 197], as well as compression, tension, and bending conditions [197] by
accounting for plastic dilatation of the material, but have not yet been applied to resolve the first
shear localization event that would be detected in a nanoindentation experiment such ours.
Previous attempts to analyze Hertzian contact data in metallic glasses have used
maximum local stress criteria and have not considered the potential for plastic flow from this
point, resulting in high values of the extracted yield stress [90, 196]. For example, Bei et al. [90]
reported yield stresses more than 3.5 times the actual shear yield strength for Zr-based glasses
using the maximum shear stress criterion. Wright et al. [196] used a normal stress-modified
criterion to analyze indentations on a different Zr-based glass, but still reported yield stresses up
to 3 times the actual shear yield stress. Both of these studies suggested that the discrepancy was
a consequence of testing stressed volumes so small that they were essentially "defect free."
However, the reported yield stresses are so high in those works that it is difficult to rationalize
such an increase through size effects. The shear yield stress of metallic glasses is already near
the theoretical limit, and an additional factor of three seems physically unreasonable. It is
especially concerning that these high extracted yield stresses have been attributed to new physics
based on a presupposed 'size effect' when none is necessary to explain the yield event if the
conditions for material flow along a slip line are properly considered. What is more, those
earlier studies did not explicitly validate the proposed size effect by performing the same
analysis at different indentation sizes, and in this chapter where this was tested using multiple tip
radii, no such size effect was seen despite hundreds of tests in three different glasses (see Figure
21). If anything, the data may be interpreted as showing a reverse size effect, in which smaller
indentations return somewhat lower yield strengths. This observation aligns with earlier
comments about surface imperfections, which play an important role if the yield occurs not in the
bulk beneath the indentation, but via a shear band that actually connects with the surface. As the
indentation size is reduced, the relative importance of surface irregularities increases, and lower
measured strengths could be expected.
The analysis presented in Section 3.2 illustrates that local satisfaction of the yield
criterion at a point is not sufficient to initiate the shear banding event observed during Hertzian
contact experiments, and this may have important implications. First, this result may speak to
the underlying mechanism of shear band formation in metallic glasses as a fundamentally
cooperative process. Whereas the operation of a shear transformation zone (STZ) requires the
coordinated reshuffling of only dozens of atoms (nearly a "point" process within the material that
should be responsive to the local stress field), the formation of a shear band would seem to
require the involvement of many STZs operating in concert. As noted in Ref. [41], the nature of
shear band initiation has been the subject of some debate. Some researchers hold that a viable
shear path forms first by the local assembly of many STZs, giving a band of material that has
sustained a very small amount of displacement along its entire length; only subsequently are
large displacements accumulated via relatively uniform shearing on the plane. Other authors
favor a model in which a very large displacement is accumulated locally and then must
propagate as a front. In the latter scenario the material is apparently more responsive to local
stresses, which initiate a shear front at a specific location in space, and subsequently propagate it
through the material. In that picture, it would seem that around a Hertzian contact, local (point)
stresses would permit the initiation of the shear band at z'-0.5, and it would then be required to
propagate through a field of lower driving stresses. Such a model may be appropriate for, e.g., a
perfect crystal, where a Hertzian indentation leads to dislocation nucleation after a large
activation barrier is surmounted, and subsequent propagation of the already-formed defect
requires substantially lower stresses. However, the present experimental results argue against
such an interpretation for shear band formation in a metallic glass. That the shear band
responsible for the experimentally observable yield event apparently avoids the region of highest
local stress in order to satisfy the yield criterion along an entire viable plane of material defined
along a slip line suggests a cooperative process of STZ assembly that may align better with the
first hypothesis above, i.e., that a shear path is first defined by cooperative assembly of STZs,
followed by sustained uniform shearing on that path.
Second, these results may suggest new means of interpreting mechanical data for metallic
glasses containing stress risers. For example, the classical notions of localized "microplasticity"
preceding "macroscopic yield" [88] may be unusually distinct in metallic glasses, with
microplasticity corresponding to fully confined STZ or shear band activity, and macroscopic
yield corresponding to the selection of a slip line along which flow to the surface is possible,
resulting in a shear offset. Use of an elastic stress field analysis, without properly accounting for
the deformation physics of shear banding along slip lines, would fail to capture this distinction.
Clearly, such considerations will be important for glasses with microstructural features, as well
as in problems of fracture and fatigue.
4. Nanoscale strength distribution of metallic glasses
In this chapter, the techniques developed in Ch. 3 are used to investigate the nanoscale
distribution of strength in metallic glasses in an attempt to understand its origins. First, potential
contributions to the first shear band event are considered by studying the effects of loading rate
and sustained sub-yield loading. Though these conditions are shown to have little effect on the
distribution, further study shows that sub-yield cyclic loading notably impacts the shear band
formation event. Cyclic loading is seen to increase the load required to initiate shear banding,
apparently due to an accumulation of structural change. Structural change is rationalized by
considering the potential for activation of STZs beneath the point of contact and specifically
along the shear band path. Finally, the implications of these findings for fatigue of metallic
glasses are discussed.
4.1 Experimental technique
The two metallic glasses used in this chapter, Pd 40Ni40P20 and Fe4 1Co7Cr1 5Mo 14 C 15 B6 Y2,
were cast into cooled molds under an inert atmosphere and confirmed amorphous as described in
Refs. [174] and [175], respectively. The glasses were sectioned, mounted, and mechanically
polished to a surface roughness better than 5 nm according to standard metallographic
techniques, to provide a smooth surface for indentation. As in Chapter 3, a nanoindenter
(described in Chapter 2) was outfitted with a spherical diamond tip. Two different tip radii were
used for the Pd- and Fe-based glasses: 590 nm and 1.1 Rtm, respectively; the tips were matched to
the samples based on their elastic properties and yield stress, to provide the required resolution
for each. For small applied loads with these relatively blunt tips, the load-depth curve initially
follows the Hertzian prediction for elastic contact of a sphere on a flat plate [181, 193], given by
Eq. (1).
The sharp transition from elastic behavior to the first plastic event can be detected as a
rapid depth excursion, termed a pop-in, which is associated with a corresponding velocity spike
and can be uniquely identified as detailed in Ch. 3. An example loading curve with the first pop-
in event marked as a bold data point is shown along with the elastic prediction of Eq. (1) for each
of the two glasses in the inset graphs in Figure 27.
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Figure 27 Cumulative distribution plots of the first yield load.
Cumulative distribution plots of the first yield load in Fe-based (a) and Pd-based (b) metallic glasses with
each data point representing an individual first shear band event. The error associated with each first yield
load is no larger than the width of the data points. Example loading curves for one of these events for each
glass are shown in the inset graphs, where the bold data point represents the first deviation from the elastic
prediction (shown as a solid line). The Fe-based and Pd-based results are obtained using 1.1 pm and 590 nm
radius tips, respectively.
In this study, the results of more than 100 first pop-in events were recorded and plotted in
a cumulative fashion for each set of experimental conditions, with each point corresponding to
the results from a single nanoindentation test. Baseline data for the two glasses under monotonic
loading using rates of 2.5 mN/s and 0.2 mN/s for the Fe- and Pd-based glasses, respectively, are
shown in Figure 27, where it can be seen that the load at which the plastic yield event occurs
covers a significant range. Plotting the data cumulatively reveals subtle changes to the
distribution that might be obscured by limited sampling or by recording only statistical
compilations (e.g. sample mean and standard deviation). In Figure 27 and all other cumulative
fraction plots in this chapter, the error associated with identifying the precise pop-in load for a
given event is no larger than the width of the data points, thus the wide range of recorded values
cannot be ascribed to measurement error alone.
The main focus of this chapter centers on strength distributions such as those shown in
Figure 27, and the experimental factors that can influence their shapes and positions.
Specifically, the effects of loading rate, sub-yield holding at a constant load, and sub-critical
cycling on the distribution of first pop-in events were investigated:
* In the first set of tests, loading rates were varied over three orders of magnitude for
each glass, covering 0.2-25 mN/s for the Fe-based glass and 0.002-0.2 mN/s for the Pd-based
glass. In these tests, peak loads of 4 mN and 0.25 mN were used for the Fe- and Pd-based
samples, respectively.
* Tests including a prolonged sub-yield holding period prior to final loading to the yield
point were conducted on the iron-based glass. For these tests, the loading function consisted of a
ramp-up to 1.25 mN at 2.5 mN/s, holding at constant load for 4 seconds, continued loading at 2.5
mN/s to 5 mN, followed by unloading completely at a rate of 2.5 mN/s, which is shown
graphically in panel (a.) of Figure 28.
* Sub-critical cyclic loading tests were performed on both glass compositions, using a
1.1 gm radius tip. For the sub-critical loading tests, repeated loading below a level required for
yield preceded final loading to observe the first shear band event. Sub-critical loads of 1.25 mN
for the Fe-based glass and 0.2 mN for the Pd-based glass were applied for 1, 5, and 10 cycles
prior to final loading to the peak loads of 1.5 mN and 5 mN for the Pd- and Fe-based glasses,
respectively. In these tests, the rates for all loading and unloading segments were kept constant
at 2.5 mN/s for the Fe-based glass and 0.2 mN/s for the Pd-based glass. For comparison, the
cyclic data is shown in the results section along with data from symmetric loading curves
without any sub-critical cycling, which were performed at 2.5 mN/s and 0.2 mN/s for the Fe-
based and Pd-based glasses, respectively. An example loading curve including five sub-critical
cycles for the Fe-based glass is shown in panel (b.) of Figure 28.
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Figure 28 Loading functions including sub-yield constant load and sub-critical cycling
For testing on the Fe-based glass, (a.) incorporated a 4 s sub-yield hold at 1.25 mN and (b.) included 5 sub-
critical cycles 1.25 mN prior to final loading to 5 mN.
4.2 Results
In assessing the rate sensitivity of the first shear band event, it is seen in Figure 29 that
the effect on the curves is quite minor-for each composition, the data sets are closely grouped
and each follows the same general shape. For the most part, the differences between data sets for
a single composition are no larger than the error, indicating insensitivity to loading rate. It
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should be noted that the large difference in the average pop-in load between the parts (a.) and
(b.) of Figure 29 arise from the different properties of the glasses, and even more so from the use
of different tip radii for the two sets of tests; a large radius tip creates a more diffuse stress
concentration, requiring higher loads to reach critical stresses beneath the point of contact.
Fe41 Co7Cr15Mo 14C 6 BY
25 mN/s
2.5 mN/s
0.2 mN/s
0 1 2 3
Yield Load (mN)
0.8
0.6
0.4
0.2
(b.)
0 0.05 0.1 0.15 0.2 0.25
Yield Load (mN)
Figure 29 Variation of strength distribution with loading rate.
Variation of loading rate over three orders of magnitude for the Fe-based (a) and Pd-based (b) metallic
glasses has a negligible effect on the strength distribution. The Fe-based and Pd-based results are obtained
using 1.1 pm and 590 nm radius tips, respectively.
Figure 30 illustrates the effect of a sub-yield hold on the Fe-based glass. The results
obtained with a 4 second holding period show little difference from those using a monotonic
loading function.
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Figure 30 Results of sub-critical holding.
After holding the Fe-based glass at a sub-critical load of 1.25 mN for 4 seconds with a 1.1 jpm radius tip prior
to loading to the peak load, differences from the uncycled data which follows a symmetric loading function
are negligible.
Though loading rate and the addition of a sub-yield hold have minimal influence on the
distribution of strength, sub-critical cycling has a more dramatic effect. Figure 31 shows the
results of typical sub-critical cycling tests on the Fe-based and Pd-based glasses where five
cycles of loading precede a final loading cycle above the critical yield load.
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Figure 31 Example load-depth curves including 5 sub-critical cycles
In (a.), the Fe-based glass is cycled to 1.25 mN before final loading to 5 mN. In (b.), the Pd-based glass is
cycled to 0.2 mN before final loading to 1.5 mN. In both tests, there is no apparent hysteresis during the
cycling and the elastic prediction is followed up to the first pop-in event, marked as a black point.
When the load is cycled below that required for the first shear band event, it can be seen from
Figure 31 that cycling produces no discernible hysteresis or other deviation from the elastic
prediction within the resolution of the test. However, this cycling does have an eventual impact
on the load required to observe the first shear band event. In Figure 32, a shift to higher loads
with increasing number of cycles is seen for both glass compositions. Though they both show
cyclic strengthening, it appears that the Pd-based glass reaches some type of saturation in just a
few cycles, after which little further evolution of the distribution occurs upon further cycling,
while the Fe-based glass exhibits continued strengthening for each increase in number of cycles
up to ten.
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Figure 32 Sub-critical cyclic loading results on two compositions.
A shift of the distribution to higher loads is observed with increased cycling using a 1.1 pm radius tip for both
the Fe-based (a) and Pd-based (b) glasses. In both graphs, the error associated with identifying a single event
is no larger than the width of the data points.
4.3 Discussion
In this section, the results of loading rate, sub-yield holding, and sub-yield cycling tests
are discussed in turn to understand the origin of the nanoscale strength distribution, as well as the
mechanism responsible for the observed strengthening under cyclic loading conditions.
4.3.1 Loading rate
If a sufficiently homogeneous material is tested many times under identical conditions
and variable results are obtained, one unavoidable source of variability-thermal fluctuations-
may be responsible. For example, nanoindentation experiments on single crystals exhibit
strength variability that can be essentially ascribed to thermal fluctuations alone [126, 155, 190].
Thermally activated processes require some time for a suitable thermal fluctuation to occur and
trigger them; high imposed strain rates limit the available time for such fluctuations, which can
postpone yielding. The relative rate-insensitivity of metallic glasses in the range studied here is
not unexpected given that metallic glasses do not generally exhibit rate-dependent yield stress
below strain rates of about 103 s -1 (above which adiabatic softening can occur), or below
homologous temperatures (T/Tg) of about -0.8, above which there is a transition to the
homogeneous deformation regime [41]. The lack of a strong rate sensitivity in this study is thus
unsurprising given that the Fe- and Pd-based metallic glasses are tested at homologous
temperatures of 0.35 and 0.5, respectively. We conclude, therefore, that thermal fluctuations are
not primarily responsible for the variability in the nanoscale strength spectrum of metallic
glasses, but instead the distribution must arise from the structure of the glass itself.
In an amorphous solid, there are fluctuations in the structure, including areas of higher or
lower average free volume, bond coordination differences, or short range ordering [204]. These
fluctuations represent small structural inhomogeneities that may affect the process of shear
banding, and which are unavoidable; although our tests involve identical mechanical conditions,
they intrinsically sample many different glass structures. We believe that these structural
variations explain the spread in measured yield strengths seen in Figure 27.
4.3.2 Sub-critical hold
Underneath the point of contact prior to the first shear band event, a region directly below
the contact experiences high stresses. In some cases, the stress in this region exceeds the yield
stress of this material, as described in Chapter 3. By sub-critical holding, the material is allowed
to sit at high stresses for a period to allow any processes ample time to experience a favorable
thermal fluctuation under an elevated driving force. The lack of change in the strength
distribution demonstrated in Figure 30 despite this hold may be interpreted to mean that simply
holding for a long period at elevated stress does not introduce appreciable structural change.
In considering the factors affecting shear band formation under a local contact, the issue
of whether a sustained sub-critical load might produce the same strengthening effect as seen in
the case of cycling becomes pertinent. Although a sustained load gives more time for successful
STZ flips at high stresses, Figure 30 demonstrates that holding at a load of 1.25 mN in the Fe-
based glass for 4 seconds (comparable to the total cycling time for the 5 cycle test) prior to
loading to the yield point does not result in comparable strengthening. These results show that
cycling itself, rather than simply the exposure to high stresses, contributes to the observed
strengthening.
4.3.3 Cyclic loading
The data in Figure 32 are direct evidence of hardening in metallic glasses subjected to
nominally elastic load cycles. That these two glasses display a similar strengthening effect
would seem to imply that cyclic strengthening at sub-critical loads may be a trait of metallic
glasses in general. It is especially interesting that in these experiments, no shear bands formed
during the cyclic loading; the hardening observed here is not a consequence of "conventional"
glass plasticity through shear band formation, but through something more subtle that occurs
under what appears to be fully reversible elastic loading. A possible interpretation for these
results is suggested by Figure 33, which summarizes a conclusion from Chapter 3. There it was
demonstrated that very high local stresses-even exceeding the macroscopic yield stress of the
glass-can exist around a stress concentration in the elastic range. The reason is that the yield
event (the formation of a shear band) occurs only when the yield stress is exceeded on a slip line
which intersects the free surface; high stress at a point is insufficient to cause global yield.
Following Ch. 3, the preferred location for shear band formation around a spherical contact is
shown in Figure 33 (b.); this location is substantially removed from the region of maximum
shear stress, which is mapped in Figure 33 (a.). Thus, extremely large stresses can exist beneath
the indenter tip in the region noted in Figure 33 (a.), well before the stress rises to the yield point
and triggers a shear band on the plane in Figure 33 (b.).
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Figure 33 Comparison of the maximum shear stress and shear plane stress fields
(a.) Maximum shear stress field beneath a spherical contact according to the Hertzian elasticity theory. (b.)
Shear plane stress field illustrating the shear band path that experiences the highest stress along its entire
length. In both panels, dimensions and stress are normalized by the contact radius, a, and mean contact
pressure, Pm, respectively. The initial point of contact is at r = 0, z = 0, and only half of the elastic half-space
is shown because of symmetry around r = 0. The shear band path in (b) is significantly removed from the
region of maximum stress in (a).
It seems that subtle changes to the glass structure beneath the indenter tip must be
occurring to produce the apparent strengthening trend observed here, even though no shear bands
or other evidence of plastic flow manifest during cyclic loading. The lack of hysteresis seems to
imply that the structural cause of the apparent strengthening is more likely a result of small,
isolated events, rather than localization or gross plastic deformation which would likely result in
a more noticeable irreversibility. The fact that locally, extremely high stresses are present
beneath the indenter suggests a mechanism of reversible atomic rearrangements that might be
considered 'microplasticity.' For example, it seems entirely plausible that hysteretic forward and
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reverse 'shear transformation zone' operations could occur locally under cyclic loading, without
requiring a shear band to form. This process must lead to an accumulation of small structural
changes (e.g., redistribution of free volume, changes in chemical or topological order, etc.)
producing a locally hardened region in the volume of material that experiences the highest stress.
These atomic scale irreversibilities are sufficiently localized and minute that they are not
discernible in the cyclic loading curves, which appear entirely elastic and without obvious
hysteresis; however their cumulative effect has an eventual impact on the macroscopic yield
point and the formation of the first shear band upon subsequent monotonic loading.
These "microplastic" events are envisioned to be local STZ operations and a simple
model may be used to consider in greater depth which regions underneath the indenter likely
experience structural change during sub-critical cycling and how this might influence the shear
banding process. Underneath the point of contact at the sub-critical load, a region of material
experiences shear stresses in excess of the yield stress; the boundary between this region and the
surrounding material is marked as a solid line in Figure 34 (a.) and labeled o>oo. Regions
underneath the indenter which exceed the material yield stress during cyclic loading can likely
undergo significant local structural reconfiguration by the activation of STZs. Although we do
not have experimental validation that a shear band formed after sub-critical cycling follows the
same trajectory as one without cycling, we make the assumption that we can identify the path of
the shear band as the path that experiences the highest stress along its entire length as in Chapter
3. Microscopically, we envision that the shear band occurs as a collection of STZ events which
are correlated in space and in time. The extent of the plastic zone is determined by the sub-
critical load-for this case, 0.2 mN. In some cases, the shear band may not pass through the
region, as is the case for the expected shear band path shown as a dashed line in Figure 34 (a.)
for the Pd-based glass which is calculated from the median pop-in load in the uncycled case. If it
was expected that only elastic deformation could take place in regions that experience stress
below the yield stress, one would conclude on the basis of this path in relation to the high stress
region that no structural change could occur along the path. However, this view is incongruous
with the experimental results in Figure 32(b.) which show a definite strengthening with cyclic
loading.
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Figure 34 STZ activation rate analysis for Pd40 Ni40P20(a.) shows the STZ activation rate field underneath the indenter at the cycling load on a loglo axis. The region
encapsulated by the solid line is the plastic region which is modeled to have an activation rate on the order of
the Debye frequency. A dotted ine indicates the eventual shear band path. Close examination of the
activation rate along this path in (b.) shows that the path experiences high activation rates over its entire
length, indicating a strong potential for structural change there, which may lead to the strengthening
observed in Figure 32.
In a disordered amorphous structure in a complex stress field, a binary elastic/plastic zone
description of the region beneath the point of contact seems overly simplistic. Instead, the
potential for structural change in additional areas outside this region must be considered. In
areas immediately outside the region encircled by the solid line in Figure 34 (a.), relatively high
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stresses are still present and may even be high enough to promote structural change with some
finite probability. In order to understand the potential for structural change during sub-critical
cycling, the kinetics of STZ motion under the indenter and specifically along the shear band path
are considered. The analysis proceeds by examining the specific case of the Pd-based glass, for
which we have reasonable estimates for the parameters most likely involved in structural
reconfiguration (e.g. STZ volume, yield stress, Debye frequency). The specific values for the
parameters used in the ensuing analysis are enumerated in Table 3.
Table 3 STZ activation parameters for Pd40Ni40 P20
Variable Value
Strength, Yo 0.7 GPa
Pressure coefficient, oc 0.12
Debye frequency, v 3.82x1013 s - 1 [205]
Shear strain, Yo 0.1
STZ volume, Q0  1.4 nm 3 [206]
To consider the possibility of STZ operation outside of the plastic region, where elevated
stresses are still present, a rate law is constructed to expresses the rate at which a single STZ
flips, assuming for the sake of simplicity that they are independent (e.g. do not affect
neighboring STZs). Since expressing the actual correlated nature of the process is impossible
without knowing the extent of correlation between neighboring STZs, the collective nature of the
shear band is approximated by requiring that all STZs along the path flip simultaneously or
sequentially in time, which happens when the rate law predicts that all of those STZs are flipping
at a rate on the order of the Debye frequency. Additionally, it is assumed that the material can be
considered homogeneous down to the scale of an individual STZ, allowing for application of the
macroscopic yield criterion to the microscale problem. This approach is a reasonable first
approximation in the absence of explicit knowledge of the stress required for STZ activation.
After the description of Argon [40], the operation of an STZ is envisioned as a stress-
biased, thermally-activated event, following a general rate equation of the form:
v = k T , (11)
where AFo is the energetic barrier in the athermal limit, Yo is the characteristic strain of an STZ,
Qo is the STZ volume, a is the stress, T is the temperature, v is the attempt frequency (on the
order of the Debye frequency), k is Boltzmann's constant, and the athermal yield stress is oo. By
assuming that the macroscopic yield stress applies on the microscale, one can rearrange the rate
equation to solve for the energetic barrier in the athermal limit
AF o = o70yQ2o, (12)
inserting the material yield stress for oo. Then, using appropriate constants from Table 3, the
STZ activation rate can be calculated given a known stress. To express the sensitivity of an STZ
to a pressure or normal force, a pressure-modified stress is used
" =" - op, (13)
where t is the shear stress, (x is the pressure coefficient, and p is the hydrostatic pressure. This
form of the stress is chosen to ensure that the activation event accounts for the increase in stress
required to overcome the significant superimposed pressure field encountered under a local
contact like the one studied here. The justification for using this yield condition to represent a
requirement for yield of an STZ comes from the realization that a pressure or normal force will
increase the "friction" experienced by atoms as they slide over one another in achieving their
final configuration after STZ operation [21].
By using the Hertzian equations [181, 193] to calculate the stress state of the metallic
glass during the peak cyclic load, the potential STZ activation rate can be plotted for all points
beneath the contact (cf. Figure 34 (a.) for the Pd-based glass at the cycling load, plotted on a
logarithmic scale for clarity). For the purposes of ascertaining whether STZs are activating in
regions with stresses that are small compared to the macroscopic yield stress, the construction is
useful. As a general guideline based on the arguments in Chapter 3, a shear band is predicted to
occur when activation rates on the order of the Debye frequency are experienced at every point
along the path.
Figure 34 (b.) shows more clearly the activation rate along the path in Figure 34 (a.) as it
extends from r=O to the surface. Despite the fact that the applied load during cycling does not
cause immediate localization of plasticity into a shear band, the STZ activation rate is substantial
along the band. Even at its lowest stress point (close to the surface), the activation rate along the
band predicted from Eq. (11) exceeds 103 potential STZ activations per second. Whether or not
a single STZ operates this number of times in a single cycle is unimportant; what is clearly
significant is that there is a high probability that structural or chemical reconfiguration may occur
in this region. As it is an isolated event, a single STZ may activate a large number of times
without localizing into a shear band even though neighboring STZs may also be flipping at high
rates; localization requires simultaneous or at least successive activation to result in large scale
deformation. Based on the results of Fig. 6, it seems reasonable to expect that many individual
STZ activations are occurring in the material and specifically along the entire length of the shear
band, leading to chemical and structural rearrangement of the weakest sites in the structure.
Among similarly highly stressed regions of material, the weakest potential STZ site (perhaps due
to greater than average free volume, reduced chemical order, etc.) will be statistically more likely
to activate.
Through its activation, an STZ reshuffles the coordination among several atoms, pushing
the cluster into a lower energetic state and relieving the local stress. After activation of this
isolated STZ, some other weak site becomes the next most vulnerable region for STZ activation
and so on, leading to an increased resistance to plastic deformation in previously weak sites.
Some of this rearrangement could even lead to the formation of nanocrystals, which could also
contribute to strengthening [207]. Because of prior cyclic loading which strengthens the material
through isolated STZ activations, further loading to initiate the first shear band requires an
increased load as compared with the uncycled material. On average, after a single STZ
activation event upon loading, the superposition of the STZ stress field with the external stress
field results in a lower overall stress and a more homogeneous stress field in the loaded
condition. If the load is held, further STZ activation would generally only take place at the
original susceptible sites; however, if the material is unloaded, stresses develop around the
activated STZ that arise from its accommodation in neighboring material, and can cause
hysteretic reverse transformations in the vicinity of the STZ sites activated on loading. Upon
subsequent reloading, a new energetic landscape, with different internal stress concentrations, is
available, changing the location or perhaps the number of sites predisposed to STZ activation.
Cycling may thus promote permanent structural change more readily than can sustained loading
along, as is suggested by comparing Figure 32 with Figure 30. It is also to be expected that such
cycling would lead to structures of lower energy, i.e., higher strength, as we observe
experimentally.
As the precise topological and chemical rearrangements that arise from cyclic loading
remain unknown, it seems reasonable to assume that the specific composition, structural state,
and homologous temperature of a metallic glass may influence the strengthening behavior in
some way. We see evidence of this in the subtle differences between the behaviors of the two
glasses in Figure 32, specifically in the degree of strengthening achieved and its saturation.
Additional studies will be required to understand and predict how the structure of the glass, as
well as various testing parameters (eg. cyclic load, loading rate), will affect the ability of a glass
to strengthen and its ultimate saturation load.
4.4 Implications for fatigue
The mechanism proposed herein to explain strengthening during sub-critical cycling has
implications for the current understanding of fatigue in metallic glasses. Though a steady state
propagation of an advancing crack tip is apparent in fatigue of these materials, including a linear
portion of the crack growth rate curve [25, 132, 134, 208] as well as the appearance of well-
defined fatigue striations on the crack face [131, 132, 208], the mechanism that provides for an
arrest of propagation after each crack tip advance has not been determined. In what follows, a
mechanism for fatigue is proposed based on the cyclic strengthening results demonstrated here.
Figure 35 provides a schematic for the proposed mechanism. Upon loading a sharp crack
in a virgin glass (a.), the stress concentration is high enough to cause immediate shear banding
and blunting of the crack tip as a result of shear offsets at the root of the notch as in (b.). Since
the stress concentration is reduced by crack tip blunting, subsequent loading may cause some
local STZ activation, without causing further shear banding along the slip lines shown in Figure
35 (b.). Under cyclic loading, local to-and-fro hysteretic STZ operations can lead to structural
rearrangements just as we have seen in our indentation experiments, and could therefore
preferentially harden the region ahead of the crack tip. With each subsequent exposure to low
cyclic loads, the material ahead of the crack tip strengthens as in Figure 35 (b.) and (c.), but
along with this strengthening, it is likely that the material also embrittles (similar to the effect of
annealing, where hardening is accompanied by embrittlement [78, 134, 209-212]). At some
critical point, the embrittlement may sufficiently lower the local fracture toughness of the
material such that cracking along the brittle crack trajectories [213] is a more energetically
favorable process than localization of strain in shear bands through the strengthened material.
The crack advances along the brittle crack trajectories through the embrittled region, shown in
Figure 35 (d.) until it reaches the undeformed metallic glass which has a higher resistance to
fracture (e.). Following a crack advance of 8 (which should correspond to the size of the
strengthened region), the crack tip reaches pristine material that did not experience significant
structural rearrangement in the prior phases. The next cycle would lead to blunting and the
strengthening phase begins anew with further cyclic loading as in Figure 35 (f.).
In this picture, the alternating preference between shear banding and local fracture, and
corresponding alternation between crack tip blunting and sharpening, occurs over many cycles
preceding each crack tip advance. This may explain the interesting observation that in metallic
glasses, one fatigue striation appears for every 10-100 cycles [131, 132, 208]. A change in
deformation mode could result in a discontinuous series of surface features, as suggested
schematically in Figure 35 (g.). This view is further supported by our observation that cyclic
hardening is progressive over several cycles; it is perhaps merely a coincidence that we observe
strengthening over about 10 cycles, similar to the number apparently required to advance a
fatigue crack through one striation.
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Figure 35 Schematic of the proposed fatigue mechanism
(a.) shows an atomically sharp crack tip prior to cycling. Upon loading in the first cycle (b.), the applied
stress causes shear band activation along the trajectories shown, which lead to crack tip blunting. The
resulting reduction in stress concentration limits further shear banding in cycles 2-10 (c.), but local STZ
activation still occurs, locally hardening the region ahead of the crack tip (red). Eventually hardening and
embrittlement ahead of the crack tip reduces the resistance to cracking along the brittle fractures lines
(shown in (d.)), resulting in crack extension of length 8 (e.) through the hardened region until the undeformed
material is reached. In (f.), shear banding is preferred again in the tough glass, and the process returns to
(b.). In (g.), the shape of the crack resulting from 3 complete strengthening and cracking cycles is shown.
4.5 Conclusion
In this chapter, a nanoindenter was used to impose a well-defined stress concentration,
revealing a nanoscale distribution of strength in two glass compositions. A series of tests
designed to reveal possible thermal and structural contributions to the distribution was
conducted. It was found that the effects from strain rate and sub-critical holding are quite
minimal, but cyclic loading has a significant effect. In both metallic glasses, it was shown that
cyclic loading led to an increase in the load required for shear band operation, which may
indicate that this result may be a feature of metallic glass deformation in general. It was
proposed that strengthening occurs due to the operation of STZs, which were modeled as stress-
biased thermally-activated events. It was shown that during cyclic loading, an appreciable level
of STZ activation is likely present along the entire shear band path. The resulting structural and
topological changes produce in an increase in the resistance to plastic flow along the shear band.
The results obtained here were used to propose a mechanism for fatigue, which consists of a
cyclic strengthening accompanied by embrittlement followed by a crack advance stage which is
then arrested in the unaffected material ahead of the crack tip. Future research in cyclic loading
and classical fatigue is necessary to elucidate the particular details of this mechanism,
particularly the extent of the affected zone and how it may relate to the frequency of fatigue
striations. Additionally, molecular dynamics simulations may provide a detailed atomistic
understanding of the exact physical and chemical changes that occur in the glass structure as a
result of an STZ event as well as the requirements on the local environment that precede the
event. Nonetheless, the experiments in this chapter demonstrate that nanomechanical testing can
provide critical input to understanding structural change and damage evolution in metallic
glasses, which is difficult to observe and quantify using any other techniques.
5. Shear banding and flow behavior of metallic glasses at elevated
temperature
In earlier chapters, metallic glasses were studied using nanoindentation, revealing some
interesting features of deformation in these materials; namely, the conditions required to initiate
a shear band near a stress concentration and the existence of a spectrum of strength on the
nanoscale were explored in Chapters 3 and 4. Though these studies add to the existing
understanding of deformation in metallic glasses, the picture revealed by room temperature
testing alone is incomplete; metallic glasses can exhibit a range of behavior from fully serrated
flow when strain energy is released in discrete bursts through the operation of shear bands, to
viscous, homogeneous flow at elevated temperatures [96, 214]. This chapter applies the full
capabilities of the system developed in Chapter 2 to study the deformation mechanics of a
platinum-based bulk metallic glass at elevated temperatures. Shear banding and viscous flow are
studied through the transition to the homogeneous flow regime and above the glass transition
temperature. The results obtained here demonstrate that high temperature nanoindentation can
be used to catalog the major features of deformation behavior in the homogeneous regime using
a single technique on a small sample, thus creating new possibilities for rapid throughput
screening of metallic glass compositions for their potential formability in the supercooled liquid
regime.
5.1 Methods
The material used in this study was Pt57 5.Cu 14.7N 5.3P 22 .5 bulk metallic glass, processed by
rapid quenching from a melt of high purity feedstock materials under an inert atmosphere and
confirmed amorphous in Ref. [215]. The samples were sectioned and mechanically polished
using diamond pastes until a mirror surface was achieved. Following surface preparation, the
samples were mounted in the custom high temperature nanoindentation system described in
Chapter 2. Using the practices developed there, the indentation chamber was pumped down and
purged with argon before evacuating the chamber to a base pressure of 2x10 -2 Torr. A series of
tests were performed under vacuum at each of the following temperatures: room temperature,
1760C, 2270C, 2400C, and 2500C. Given a glass transition temperature of 2300C [216], these
temperatures correspond to homologous temperatures of 0.6, 0.9, 1, 1.02, and 1.04 T/Tg,
respectively.
At each temperature, a series of nine indentations was performed using the piezo
automation feature to create a 3x3 grid pattern of indents, leaving a 5 gm space between adjacent
indents. These sets of indents followed a symmetric loading function with a peak load of 10 mN
and loading/unloading rates of 10 mN/s. Approximately 3 minutes lapsed between indentations,
during which time the machine was re-zeroed, the tip was moved to the next position using the
piezo scanner, and time was allowed for the scanner to settle. Following the nine indentations,
the entire grid was scanned once with the indenter tip to image the residual impressions. This
scan was performed with a 2 gN setpoint load at 1 Hz over a 25 gm square. As this scanning
rate is relatively high, a second set of tests was performed at each temperature to more accurately
capture the fine details of the residual impressions. The load function for these indentations
consisted of loading at 5 mN/s to a peak load of 10 mN, followed by unloading at 5 mN/s to 20%
of the peak load for 10 s before complete unloading. The residual impressions of these
indentations were scanned with a 2 gN setpoint load at 1 Hz over a smaller 5 gm square
immediately after the indentation was complete. Additionally, scanning of the impressions was
repeated using identical scanning parameters at periods of 20, 40, and 60 minutes after the initial
scan to study the evolution of a single residual impression over time for each of the testing
temperatures.
5.2 Results
In the following sub-sections, the load-depth results obtained during the indentation
process are presented first, followed by the results obtained by scanning the residual impressions
post-deformation.
5.2.1 Serration and flow behavior upon deformation
One of the first things apparent when load-depth curves were compared across the
temperature range studied here was the evolution of flow serration as the testing temperature was
increased. As can be seen in Figure 36, the room temperature load-depth curve exhibited some
small pop-in events.
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Figure 36 Variation of load-depth curves with temperature for the Pt-based glass
The curves above are offset for clarity in showing the progression of serrated flow from moderate at room
temperature to heavier as temperatures is increased to the glass transition temperature of 230*C, and
decreasing sharply upon further temperature increase. As temperatures above T, are reached, softening of
the glass is observed, as well as continued deformation during unloading and creep during the holding
segment.
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As temperature was increased to 176C and 227oC, flow serration became quite strong, with
many clear, individual pop-ins events evident in the load-depth curves. Above the glass
transition temperature of 230 'C, serration became quite negligible again and had nearly
vanished by 250 'C.
Another obvious feature of the results of elevated temperature experiments in Figure 36
was the dramatic change in the general shape of the load-depth curves; above the glass transition
temperature, the indenter penetrated much more deeply into the material, indicating a sharp drop
in the hardness of the glass at those temperatures. Additionally, the shape of the unloading
segment changed from a more or less linear slope, representative of elastic recovery [101, 183],
to a bowed shape, often referred to as a "nose" [105, 217]. The bowing results from continued
penetration of the indenter into the material even as the load is being decreased, indicative of
time-dependent deformation behavior. This time-dependent creeping behavior can also be seen
during the 10s holding period at 20% of the maximum load in Figure 36; no deformation during
this period is evident below the glass transition temperature, while displacements of more than
200 nm are recorded above it. As the temperature was closely controlled and time was always
allowed to reach thermal equilibrium prior to indentation, these deformations are a true material
response and are not attributable to thermal drift of the instrument.
A final observation of the deformation response was the evolution of the indent
morphology itself. Scans taken immediately after indentation at low temperatures showed a
substantial amount of pile-up immediately outside the impression; at 250C, this phenomenon
was noticeably absent. The top two images (t=0) shown in Figure 38 demonstrate this change in
indent morphology for two temperatures, where the indentation at 176C shows pileup around
the impression -50 nm higher than the background plane, while at 2500 C no such behavior is
seen.
5.2.2 Viscous recovery after deformation
In addition to the data collected pertaining to deformation during indentation, the residual
impressions were also studied to observe any post-deformation evolution. In situ imaging of 3x3
grids of identical indentations allowed the field of impressions to be visualized immediately after
the set was complete. At temperatures below Tg, the indentations appeared identical, indicating
that the deformation was permanent over a period of 1 hour. However, above Tg a different
behavior was observed; the last indentations performed in a set of 9 appeared significantly more
sharply defined than the first, and the indentations between showed a gradual transition between
these extremes. This behavior is shown for the case of 2500C in Figure 37.
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Figure 37 In situ recovery of indentations in a Pt-based glass at 2500C
Recovery of indentations is apparent in a gradient image of a 3x3 grid of identical indents performed to a
maximum load of 10 mN at -3 minute intervals in the serpentine pattern shown by the white arrows. The
final indent in the series (lower right) looks pristine as compared to the first indent (upper left) which has
almost entirely recovered. An average plane subtraction was applied to the image to remove the background
sample tilt.
A gradient image is shown (rather than a topological one) to more clearly demonstrate the
contrast in behavior. The only alteration that has been applied to the image is a background
plane subtraction to remove the effects of sample tilt. The arrows show the progression of the
indentations, with the first indentation in the upper left corner and the last in the lower right.
From this image, it is clear that the earliest indentations lost their definition by a time-dependent
recovery process in the time it took for the set of indents to be completed.
Closer examination of the corresponding topological images revealed that the scanning
rate required to capture an image of the field of indentations in a reasonable amount of time was
too high for the tip to accurately capture the deepest points of the most recent indents. For this
reason, these data cannot be considered quantitative, though the images are still useful for a
general demonstration of recovery.
Imaging scans of single indents, performed at a slower scanning rate, produced more
accurate tracing of the maximum impression depths. Well below the glass transition
temperature, imaging scans performed at 20 minute intervals over 1 hour revealed negligible
changes in the residual impressions. Alternatively, significant recovery was observed at 2400 C
and 250'C. Figure 38 shows topological images of single indents performed at 1760C and 250
'C to illustrate this change in behavior. In addition to recovery of the indent itself, another
change was also apparent; though these indents were performed on the same sample, the sample
roughness of -8 nm in the area around the impression at 176 'C was no longer present at
temperatures above Tg, indicating self-smoothing of the finest features. The only alteration
applied to the images was a parabolic background removal to subtract the effects of non-linear
piezo scanner creep and to set the zero height point for each set of images to allow for use of the
same height scale.
100
1760C
Figure 38 Topographical images of indents scanned over time
Single indents performed to a maximum load of 10 mN were scanned in situ at 20 minute intervals to reveal
the evolution of the residual impression over time. The progressions are shown for 176 "C and 250 *C to
illustrate relative stability and substantial recovery, respectively. A parabolic background subtraction was
performed on each of the images to set the background height at zero.
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5.3 Analysis
In what follows, the serration and flow behavior observed in the nanoindentation curves
was first analyzed and compared to existing nanoindentation data in the literature. Next, a
viscous flow analysis was applied to the recovery results and the major energetic and kinetic
features of viscous flow were determined.
5.3.1 Serration and flow behavior upon deformation
Though a qualitative sense of changes in serrated flow behavior was gleaned from Figure
36, it can be seen more clearly when the load-depth data is manipulated to show the
instantaneous strain rate as a function of indentation depth. Though strain rate varies as a
function of position under the indenter, a representative indentation strain rate,
1 dh
=----, (14)
h dt
where h is the depth of indentation, and t is time is commonly used for comparison purposes
[140, 152]. This strain rate can be translated into an approximate shear strain rate using
=0.16 t (15)
from Ref. [96]. Figure 39 shows the evolution of shear strain rate as indentations at each
temperature proceed, where the curves are offset in depth for clarity. All of the curves showed a
general decreasing strain rate trend from rates exceeding 10 s-' to -0.1 s-', which is the expected
response for a constant loading rate test as a result of the increasing contact area of the pyramidal
indenter tip as it pierces into the material. More importantly, this plot demonstrated jumps in
strain rate along the curves which correspond to the pop-in events in Figure 36. Here, one can
see more clearly the slight increase in serration as temperature was increased, followed by
obviously diminished serrations in curves acquired above the glass transition temperature.
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Figure 39 Shear strain rate variation with increasing temperature
Here, the data from Figure 36 are replotted to show the variation of strain rate with temperature, offset in
depth for visual clarity. Rapid strain rate bursts most evident at temperatures up to 227*C are indicative of
profuse shear banding. This behavior diminished markedly above the glass transition temperature, where
viscous flow became dominant.
The changes in serration seen here mirror those reported in the prior literature using
elevated temperature in air [96, 104]. Ref. [96] used elevated temperature nanoindentation in air
to loosely map out the observed serration behavior for many combinations of strain rate and
temperature, normalizing the data from two glasses by the glass transition temperature of each.
In Figure 40, the data from Ref. [96] are reproduced and the experiments conducted here are
shown as black triangular data points. Judging from the location of these points on the flow
map, it was entirely expected for the serration to increase as the temperature was increased from
room temperature, which sits near the boundary between serrated (red points) and smooth (blue
points) behavior, to 176°C, which is located squarely in the serrated flow region. As the
boundaries between regions, shown as solid lines on the graph, are actually quite diffuse and not
clearly defined, it is in keeping with the general trends of Figure 40 for the serration seen at the
strain rate used here to increase up to the glass transition temperature and then to drop off above
it as it does for the two highest temperatures tested in this study.
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Figure 40 Comparing the results of this study to the deformation map proposed in Ref. [96]
The deformation map acquired by nanoindentation in Ref. [96] is reproduced here. Red points and blue
points correspond to serrated and smooth nanoindentation load-depth curves, respectively from Mg-based
(squares) and Pd-based (circles) glasses. The tests in this study are shown as black triangles, showing that the
progression from increasing serration as temperature is increased from room temperature (Tfg--0.6) and
decreasing serration above Tg observed here are in line with previous results.
The changes to the serration behavior, combined with observations of increasing creep
upon testing at elevated temperature, were clear evidence that a transition to homogeneous flow
occurred above the glass transition temperature as was expected from results from bulk testing
methods [39, 40, 45, 62]. The observation of diminished pile-up at high temperatures further
suggested that instead of intense, local deformation through shear banding around the
indentation, a delocalized homogeneous flow process had become dominant whereby strain was
accommodated more uniformly throughout the surrounding material.
5.3.2 Viscous recovery after deformation
From the results of Figure 37 and Figure 38, it was clear that the residual impressions of
indentations performed at temperatures above the glass transition temperature were not
permanent, but instead evolved over time at elevated temperatures; in the following discussion,per anent, but instead evolved over ti e at elevated temperatures; in the following discussion,
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an explanation for recovery based on reduction of surface energy is presented. When free
surfaces have sufficient thermal energy, they act to minimize the surface energy of the system
[218]. In systems with surface energy that varies with crystal plane, this can result in faceting to
reduce or eliminate high energy surfaces, but in systems with isotropic surface energy, which is
the case for an amorphous material such as the one studied here, surface energy is minimized by
minimizing the area of the free surface [218]. A surface with high curvature, such as that left
behind after indentation with a sharp probe, can minimize its free energy by reducing its
curvature under the force of surface tension, resulting in the smoothing of previously sharply
defined features. This recovery process has been recorded recently in a metallic glass using a
heated SEM stage [216]; there, Kumar and Schroers observed the gradual smoothing of
pyramidal mounds of material which were originally formed by microembossing glass heated to
its supercooled liquid regime against a plate of material containing the residual impressions of
Vickers hardness microindents.
Though a qualitative sense of the recovery was gained using the grid indentation
technique (cf. Figure 37), further analysis of higher resolution scans like those in Figure 38 was
performed to reveal quantitative information about the major features of viscous flow.
Following the analysis from Ref. [216], a differential equation describing the recovery process
was created and solved to describe the important scaling aspects of the problem. Since the glass
was at relatively high temperatures and low stresses during recovery, it was assumed that flow
under these conditions was Newtonian [216] and a general relationship between stress and strain
rate can be expressed as
o = 317t (16)
where a is stress, rl is viscosity, and e is strain. The driving force for recovery is the surface
tension, y, and can be approximated by,
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ho
where the stress is expressed in terms of the depth of indentation, h, and the original depth, ho
[216]. The strain is approximated as
dh
8 --- (18)
ho
and substitution of the previous two equations into Eq. (16) gives a differential equation of the
form
dh }h
- - ; (19)
dt 317ho
the physical solution of which is an exponentially decaying function of time,
h(t) = ho exp rht (20)317ho )
A least squares fitting procedure was used to determine the pre-exponential factor, ho, and the
decay rate inside the exponential from the maximum depth of each indentation scan over the
course of an hour. Figure 41 shows the data along with corresponding exponential fits from the
three temperatures where recovery was observed, with impression depths normalized by the
fitted pre-exponential factor. Here, t=O represents the time of the first imaging scan, not the
actual time of indentation itself. Vertical error bars represent a propagated uncertainty of 10 nm
on the initial and instantaneous impression depths. This uncertainty is estimated by comparing
the residual depth from a load-depth curve of an indentation performed at room temperature to
the depth of the impression obtained by scanning under identical conditions as the single indent
scans used for elevated temperature imaging.
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Figure 41 Depth recovery over time from single indent scans
Minimum depth of the single indents scanned over time is normalized by the fitted h0. Dashed lines represent
the exponential fits from Eq. (20). (a.) and (b.) demonstrate the recovery for indentations performed to peak
loads of 10 mN and 5 mN, respectively. h/ho values of 1 and 0 represent initial and fully recovered (ie. flat)
conditions, respectively. Values above 1 do not indicate further deformation, but are the result of using the
fitted ho rather than the initial depth. (a.) demonstrates a clear trend of increased recovery with temperature.
(b.) also shows greatest recovery at 250*C, but trends at lower temperatures are muddled by the increased
relative error from using a shallow indentation.
The results of Figure 41 show that, in general, recovery of indentations is accelerated at
higher temperatures. To understand whether the observed speed of this process is reasonable, the
rheological properties of the glass were extracted from the decay rate to provide data for
quantitative values for comparison with values obtained by bulk testing.
Table 4 Viscosity calculated from recovery of indentations
Temperature (*C) i (Pa-s) from 10 mN indents 1 (Pa-s) from 5 mN indents
227 3.6 x 10'0 1.9 x 1010
240 1.3 x 1010 4.3 x 1010
250 6.4 x 109  8.1 x 109
Using a value of 1 N/m [216, 219] for the surface tension, the viscosity was determined for each
set of tests and is reported in Table 4. To compare the data acquired on the Pt-based glass using
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this method to other reports of viscosity in other metallic glass systems, the results are plotted on
an Angell fragility plot with data reproduced from Ref. [220-223] in Figure 42.
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Figure 42 Angell fragility plot of viscosity including data extracted from indent recovery
Data from three metallic glasses (Vitreloy 1, Vitreloy 106 and the binary glass NiNb) and silica along with
corresponding Vogel-Fulcher-Tammann (metallic glasses) and Arrhenius (silica) fits are reproduced from
Ref. [222, 224] in gray. The open red data point represents the viscosity reported in Ref. [225] for the same
glass composition used in this chapter. Viscosity data extracted from the exponential decay rate (Eq. (20)) of
the indent recovery are shown as solid red points, which fall close to the range of viscosities observed for
other metallic glasses at the testing temperatures used here.
In this plot, testing temperatures are normalized by the glass transition temperature to compare
the results of multiple glass compositions. Rheologically "strong" glass compositions, such as
silica, demonstrate Arrhenius behavior of the viscosity above Tg [220], while "fragile" glasses
exhibit a steeper ascent in viscosity as the glass transition temperature is approached, making a
Vogel-Fulcher-Tammann (VFT) fit more appropriate [3, 220, 222, 224]. Solid and dotted lines
represent fits to the previously reported data using the Arrhenius and Vogel-Fulcher-Tammann
forms for the temperature-dependence of viscosity, respectively [222, 224]. Based on the
normalized testing temperatures employed in this study, it appears that the viscosities extracted
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from the recovery data are in line with those expected for other metallic glass compositions,
though the data here did not cover a wide enough range to determine whether an Arrhenius or
VFT form more accurately describes the rheological behavior.
Since the best form for the temperature dependence was unclear from the available data
for this composition, a simple Arrhenius form for the viscosity,
17 = 0 exp TI) (21)
where r1o is high temperature limit, Q is the activation energy, and R is the universal gas
constant, was used to transparently arrive at an activation energy for the flow process. This form
was substituted into the decay rate from calculated from Eq. (20) and the activation energy of the
process was then determined from the slope of the data on a plot of the natural logarithm of the
decay rate versus the reciprocal temperature.
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Figure 43 Calculation of the activation energy of recovery
Using an exponential form to describe the temperature dependence of viscosity provides a form that can be
linearized to extract the activation energy for the process from data acquired at multiple temperatures.
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Figure 43 demonstrates this procedure with the fitted constants from Figure 41, resulting in an
activation energy of -110 kJ/mol. This value is equivalent to -26 k.Tg, which compares well to
the range of 20-120 k-Tg for viscous flow in the reported in the literature [41].
5.4 Conclusion
Using the indentation and in situ surface scanning methods developed here, high
temperature nanoindentation was used to reveal the inhomogeneous to homogeneous transition
and the major features of homogeneous flow in a Pt-based bulk metallic glass. A single
instrument was used both to deform metallic glass samples and to study the recovery process
using post-deformation surface scanning. During deformation a loss of serration in load-depth
curves and pile-up surrounding indents was observed as the temperature was increased.
Additionally, increasing creep and continued deformation during unloading was evident,
indicating a growing sensitivity to the timescale of testing. These features were seen to be
consistent with the transition from inhomogeneous flow in discrete shear bands to the
delocalized flow characteristic of behavior in the homogeneous deformation regime.
By analyzing the viscous recovery of indentations in situ, the major features of the
process were determined and compared well with results reported in the literature. It was seen
that the grid indentation method can be used to acquire a qualitative sense of the time required
for recovery of surface perturbations, which provides an essentially hands-free method to
understand the time and temperature scales involved in recovery processes at temperatures in the
supercooled liquid regime. Additionally, analysis of grids of indentations were qualitatively
similar to the recovery results obtained using the same glass composition using a different
method in Ref. [216]. Single indents scanned over time provided sufficient resolution of
impression depth for a quantitative characterization of the recovery process. The viscosities
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extracted from fitting indent recovery profiles were added to an Angell fragility plot, a construct
often used in the metallic glass community to understand the temperature-dependence of the
viscosity above the glass transition temperature. By testing at multiple temperatures, the
activation energy for viscous flow was extracted from in situ scans of indentations as they
recovered under the force of surface tension. Both the viscosities and the activation energy
determined using nanoindentation and scanning techniques compare well with published data for
other compositions when normalized by the glass transition temperature. Further
experimentation will be necessary to determine the reliability of these measurements, but it is
encouraging to note that the methods presented here produce physically reasonable values for the
major parameters controlling viscous flow using techniques that are vastly dissimilar from the
usually employed bulk techniques.
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6. Closing remarks
The deformation of metallic glasses through shear banding and viscous flow, though
understood in a general way, suffered from a dearth of techniques to experimentally study
deformation on the scale of the operative mechanisms. In this thesis, instrumentation and
techniques were developed to undertake a high resolution study of the mechanics of deformation
in metallic glasses. The major results and implications are summarized below:
Development of a high temperature nanoindentation capability
To address these issues, a high temperature nanoindentation system capable of providing
a non-oxidizing testing environment was developed in Chapter 2. The system and operating
procedures were optimized and validated on standard materials. The development of this
instrumentation was necessary for the goals of this thesis, but it also represents an independent
contribution to the field of high temperature nanoindentation in and of itself.
Implication for future work: This equipment and corresponding techniques will allow for future
high fidelity testing of many classes of materials at high temperatures that were previously
considered inaccessible due to high oxidation rates at elevated temperatures.
Initiation of shear bands near stress concentration in metallic glass
Using this instrument, a low load indentation technique was used to identify the first
shear band event around a well-defined stress concentration across three metallic glass
compositions and size scales. The yield event was rationalized in terms of the macroscopic yield
stress obtained from bulk tests, and the predicted shear band path reproduced that seen in
photographs of indented glasses. It was demonstrated that high stresses at a single point are
insufficient to cause shear banding, but instead shear band initiation resulting in the
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experimentally observed pop-in event occurs near a stress concentration when the stress on a slip
line connecting to the free surface exceeds the yield stress of the material.
Implication for future work: This work provides quantitative data which will prove invaluable
for validation of atomistic and continuum simulations, hopefully leading to a greater
understanding of the atomic-level structures and processes responsible for initiating shear bands
near stress concentrations of arbitrary geometry.
Nanoscale strength distribution of metallic glasses
Furthermore, the distribution of first pop-in events was observed and studied to reveal its
origin. By examining changes to the distribution under various testing conditions, it was
observed that the yield event is rather insensitive to thermal fluctuations and prolonged exposure
to stress, but sub-critical cyclic loading produced a consistent strengthening effect. The
cumulative conclusion from these tests was that the distribution of strengths arises mainly from
fluctuations in the glass structure itself and that cycling leads to structural change underneath the
contact that is manifested as a shift of the strength distribution. Additionally, the observation of
cyclic strengthening was used to postulate a mechanism for fatigue crack propagation through
repeated blunting and sharpening of the crack tip.
Implication for future work: This work demonstrates the need for detailed atomistic or
mesoscale simulation to understand the exact nature of the structural change during cycling and
the specific structural, thermodynamic, and kinetic factors that control the hardening rate and
saturation point.
Shear banding and flow behavior of metallic glasses at elevated temperature
Finally, the transition from discrete accommodation of strain in individual shear bands to
profuse STZ activation was studied using nanoindentation at elevated temperatures to enter the
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homogeneous deformation regime. The transition to homogeneous flow was revealed by
decreased serration in load-depth curves, decreased pile-up around indentations, and increased
creep. In the homogeneous regime, viscous recovery of residual impressions was observed over
time. Characterization of this process led to the extraction of viscosities and an activation energy
for viscous flow which compare well to values for these properties extracted using other
methods. Combined, these techniques allow study of all the major features of transitional and
homogeneous flow in situ on small samples.
Implication for future work: In the near future, it seems likely that these techniques will
augment existing methods for studying homogeneous flow of metallic glasses and be leveraged
to provide rapid scanning of the temperature and time relationships for forming in the
supercooled liquid regime, which are necessary for determining optimum processing conditions
and shape stability.
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Appendix
A. Hertzian equations
The equations for the stress components involved in Hertzian spherical contact on a flat plate are
found in Ref. [181]. Below, we present the equations for the non-zero stress components in a
normalized form, where
o' ~ r , Z' -
1 ) 3) 2 121- + u + jIu
Ul~
(l-v)
1+u' + (1 + v)'U- tan - ( '7 )
1- 2 v ( z, 3+z 2
3r2
, 3 z3
2i /-U-(u2+2)Z/ 2 u 2 -- 2
3 r'z 12
rz 2 (u 2 2+ z 2 Xl + u,)
where u' is the normalized displacement, defined as
u'= -[r2 + Z'2 S+r2 + 2 _)2 +4z2 12 ]
The normalized principal stresses are calculated from
r +- O z  07r z  "-2
1,3 2 r2 2
(A10)
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B. Evaluation of shear trajectories
We define a path function, f, which describes a trajectory through the material. The function can
be expressed in differential form as
ar'f idr'( f )dz (B1)df (r', z') = y dr' + -jz' (B1)
To evaluate this equation, expressions for the partial derivatives are required. We assume that
the angular direction of the path at every point is determined by the shear angle,
2 
-o1/2
, = tan- r z +1 (B2)
where ± is the sign of orz. This angle can be used to decompose incremental distances along the
path Af into their r' and z' components,
Ar' = Af cos 0s, (B3)
Az'= Af sin 0,. (B4)
Upon rearrangement and taking the limit as the incremental path distance, Af, becomes very
small, the partial derivatives can be obtained as
= seco 0, (B5)
ar'
af = csco . (B6)
az'
With this information, Eq. (B 1) may be numerically solved to obtain f(r',z'), the slip lines
originating from any given starting point in the material.
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